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ABSTRACT 
THE DELIVERY, SPECIATION AND FATE OF TRACE ELEMENTS  
IN ST. LOUIS BAY, MISSISSIPPI 
by Gopal Bera 
 Estuaries are dynamic regions in which there can be significant modification of 
the riverine flux of trace elements to the open ocean due to various geochemical, 
physical, and biological processes. Additionally, estuaries are often subject to 
anthropogenic inputs of trace elements. The first portion of this study investigated the 
source, behavior, and sediment interaction of anthropogenic stable cesium (Cs) in St. 
Louis Bay (SLB), MS. A consistent increase in stable Cs concentration was noticed in 
sediment cores starting from a period when a titanium dioxide refinery on SLB started 
operations. Weak correlation between Cs and clay percentage and strong correlations 
among Cs, silt percentage, and particulate organic carbon (POC) indicate non-specific 
adsorption of stable Cs. Evidence of non-specific adsorption of Cs also came from 
remobilization of Cs during sediment resuspension. Cs-enriched SLB waters can be 
tracked into the Mississippi Sound but not the Mississippi Bight.  
 In the second portion of this study, the impact of hurricanes on the trace element 
deposition history in marsh sediments of SLB was examined. Salt marsh sediments are 
widely used to reconstruct the depositional history of anthropogenic contaminants 
derived from atmospheric and fluvial sources. However, hurricanes can significantly 
affect the coastal landscape by eroding and re-distributing sediments. This study has 
found that metal (e.g. Cs) enrichment factors (EF) in sediment cores were much higher 
 iii 
 
for event layers and, thus, indicate modification to their smooth deposition history in SLB 
marsh sediments. 
 St. Louis Bay is shallow and prone to wind-driven resuspension. The impact of 
geochemical processes associated with sediment resuspension on speciation and transport 
of trace elements was investigated. Seasonal and time series samples covering sediment 
resuspension events and normal periods of minimal resuspension were analyzed for trace 
metals. Additions of particulate iron or dissolved vanadium per sediment resuspension 
event were greater or comparable to riverine fluxes. Sediment resuspension also impacted 
rare earth elements and showed a higher percentage of removal of both dissolved and 
colloidal REE during resuspension. This leads to a more negative cerium anomaly and a 
more positive lanthanum anomaly in REEs during resuspension events. 
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CHAPTER I 
ANTHROPOGENIC STABLE CESIUM IN WATER AND SEDIMENT OF A 
SHALLOW ESTUARY, ST. LOUIS BAY, MISSISSIPPI 
Introduction 
Radiocesium (primarily 137Cs) is a highly soluble fission product and 
environmental contaminant that has been used as a sedimentary marker (Ravichandran et 
al., 1995a; 1995b) and tracer for water mass movements in aquatic systems (Santschi and 
Honeyman, 1989). Stable Cs, which is present only as 133Cs, can be used to predict the 
sorption and mobility of radiocesium through the environment (Yoshida et al., 2004, De 
Koning and Comans, 2004; Gossuin et al., 2002; Williams et al., 2004; Hilton et al., 
1997, Rowan, 2012). It is the sorption reactions of Cs which control its fate, 
bioavailability and transport in aquatic and terrestrial systems, and in biota (Cygan et al., 
1998; Giannakopoulou et al., 2007). Generally, the residence times of contaminants like 
radio-Cs in the water column are determined largely by their interactions with the 
surfaces of settling particles (Honeyman and Santschi, 1988). Sorption reactions of Cs 
strongly depend on the type of clay minerals present and especially on their cation 
exchange capacity (CEC) (Shawney, 1972; Grutter et al., 1990). Both laboratory 
experiments and natural system studies have shown that micaceous minerals including 
biotite, illite, kaolinite and montmorillonite (e.g., Zachara et al., 2002; Poinssot et al., 
1999; Kim et al., 1996a, 1996b) are effective adsorbents of Cs. In particular, illite 
selectively binds Cs almost irreversibly when Cs concentration is low (Brouwer et al., 
1983; Avery, 1996). Other factors which strongly influence Cs sorption include metal 
concentration (Staunton and Roubaud, 1997), pH (Giannakopoulou et al., 2007), organic 
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content (Dumat and Staunton, 1999; Kim et al., 2006; Bryant et al., 1993; Rigol et al., 
2002), and ionic strength (Staunton and Roubaud, 1997). For instance, high organic 
content in sediment actually inhibits adsorption of Cs on illite and to a lesser extent on 
montmorillonite, by blocking adsorption sites (Rigol et al., 2002; Bellenger and Staunton, 
2008; Dumat and Staunton, 1999; Staunton and Roubaud, 1997). At pH < 7, adsorption 
of Cs on clay minerals decreases due to H+ competition for available adsorption sites and 
also because destruction of adsorption sites can take place at low pH (Giannakopoulou et 
al., 2007). 
St. Louis Bay (SLB), Mississippi is a shallow estuarine system where the clay 
mineral content of the sediments is dominantly montmorillonite (Elston et al., 2005) with 
significant amounts of particulate organic carbon (POC). The pH of the water varies 
throughout the year from 5.16 to 8.7. Previous research (Shim, 2012) documented 
elevated stable Cs concentrations in SLB waters. Thus, one objective of our work is to 
identify the source of stable Cs to the bay. The organic rich sediment, with abundant 
montmorillonite clay provides a setting where we hypothesize that Cs is readily 
remobilized during frequent sediment resuspension events. We also hypothesize that due 
to strong remobilization of anthropogenic Cs in SLB, Cs enrichment will be observed in 
both Mississippi Sound and Mississippi Bight waters.  
Methods 
Study Area 
 St. Louis Bay (SLB), Mississippi (MS) is a 39 km2, shallow (average depth ~1.5 
m) estuary with a narrow (~3 km wide) passage connecting it to MS Sound (Figure 1). 
The main sources of fresh water to the bay are two small rivers, the Wolf River, which 
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enters SLB from the east, and the Jourdan River, which enters SLB from the west. The 
SLB watershed is ~2000 km2, out of which, the Jourdan River drains 560 km2 and Wolf 
River drains 900 km2 (MDEQ, 2007). The land-use distribution within the SLB 
watershed includes 58% forest, 25% wetland, and 9% pasture. Another 3% is agricultural 
land, which is scattered throughout the forest and scrub lands. Only 2% of the land-use is 
urban, and that is mainly centered in the southern part of the watershed along the 
perimeter of SLB (MDEQ, 2007). Of most interest to this study is a DuPont titanium 
dioxide refinery, located in Delisle, MS, on the northern shore of SLB. Titanium dioxide 
refineries can use Cs salts as a nucleant substance in the pigment manufacturing process 
(Allen and Evers, 1993). 
 
Figure 1. a) Location of study area; b) Thirteen water sampling stations at SLB. Note the 
location of DuPont Refinery at the north shore of the bay; and c) Eight offshore water 
sampling stations. These stations are refered as NGI stations 1-8. 
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Surface water sample collection and processing  
 Surface water samples were collected using the procedure described in Shiller 
(1997). In summary, trace element clean surface grab samples were obtained using acid-
cleaned polyethylene bottles, attached to a polycarbonate holder, fixed to the end of a 
nonmetallic pole. Samples were stored cool and in the dark until returned to the 
laboratory, which generally occurred within 3 hours of sample collection. Water samples 
for trace element measurements were then filtered through acid-cleaned 0.45 µm and 
0.02 µm pore size filters (Shiller, 2003) and acidified to pH < 1.8 with 70 µL of 6 M 
ultrapure HCl (Seastar Baseline). Samples were stored at room temperature until 
analyzed. Water samples from stations 1 through 13 (Figure 1b) were collected during 
September 2010; January 2011; May 2011; September 2011; January 2012, October 2012 
and January 2013. Water samples from stations NGI 1 through NGI 8 (Figure 1c) were 
collected on a monthly or bi-monthly basis from October 2007 to November 2011. 
Surface sediment sample collection and processing  
 Surface sediment samples were collected using an Ekman type grab sampler. 
Upon recovery of the sampler, 1-2 cm of surface sediment was collected using an acid-
cleaned plastic spatula. In the laboratory, aliquots were taken for trace element, POC and 
grain size analyses. Aliquots for trace elements were collected in acid-cleaned plastic 
containers and stored in a refrigerator until analyzed. Aliquots for POC and grain size 
were oven-dried at 70º C before storing them. 
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Figure 2. Surface sediment sampling stations (black dots) in SLB. Figure also shows 
outfall station (St. 71) location and pore water core location. 
 
Suspended particulate matter (SPM) collection and processing 
Water samples for SPM were collected and stored in the same way (and from 
same stations) as for trace element water samples. In the laboratory, water samples were 
filtered through pre-weighed polycarbonate filters (0.4 μm pore size) under vacuum. 
Filters were then dried in desiccators until they reached steady weights. 
Pore water core collection and processing 
 A sediment pore water core was collected using a glass tube and processed in a 
glove box filled with inert gas (nitrogen) at one station in SLB (Figure 2). The core was 
sectioned at a 1 cm interval and each sampled section was centrifuged at 2,000 rpm for 5 
minutes. The supernatants were filtered through 0.45 µm pore size filters and collected in 
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15 ml polyethylene bottles and acidified to pH < 1.8 with 70 µL of 6 M ultrapure HCl 
(Seastar Baseline). Samples were stored at room temperature until analyzed. 
Analyses 
Trace element analysis 
Water samples (including the pore water samples) were diluted 20-fold using 0.3 
M HNO3 (Seastar Baseline), which was spiked with known amounts of In, and 
isotopically-enriched 95Mo and 135Ba. Concentrations of Mo, and Ba were measured by 
sector-field ICP-MS (SF-ICPMS) calibrated using an isotope dilution method (Shim et 
al., 2012; Shiller, 2003). For Cs concentrations (measured in low resolution) calculations, 
an initial correction was made using the low resolution response factors of enriched Mo 
and Ba isotopes, which were also measured in low resolution. Calibrations were made by 
using Cs-spiked sea water samples. A certified reference seawater (NASS-5) was 
measured twice with each analytical run to check the recovery. The average recovery of 
NASS-5 for all samples was 103% (see Table 1 for details). However, as NASS-5 does 
not have a certified value for Cs, the Cs concentration in NASS-5 was estimated (2.0 nM) 
from the mean oceanic Cs concentration adjusted to the salinity of NASS-5 (30.4). 
Table 1 
NASS-5 recovery (%) for samples measured for dissolved stable Cs 
Date NASS-5 Recovery 
September 2010 125% 
January 2011 124% 
May 2011 82% 
September 2011 96% 
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Table 1 (continued).  
Date NASS-5 Recovery 
January 2012 97% 
October 2012 95% 
Average 103% 
 
Surface sediment samples for trace element analysis were digested by methods 
described in Wu et al. (1996). In summary, sediment samples were sieved through a 2 
mm plastic sieve and dried at 70º C. After drying, samples were homogenized using a 
agate mortar and pestle. Sediment samples (0.01-0.03 g) were then digested using 
concentrated HNO3 (0.5 ml), HF (0.15 ml) and H2O2 (0.2 ml), followed by the addition of 
saturated H3BO3 (1.2 ml) to neutralize the HF. The final volume was brought to 30 ml 
with 1% HNO3. Samples were then measured by SF-ICPMS (Thermo-Fisher, Element 2). 
An estuarine sediment reference material (SRM 1646a) was run with each batch of 10 
samples. The analytical precision for Cs based on replicate analysis (n = 7) of this SRM 
was + 2%. In a separate experiment, SRM samples were spiked with known amounts of 
133Cs, and the recovery was determined to be between 107-112% 
Grain Size and POC analysis  
 For grain size analysis, ~2 g of disaggregated sample was placed in a 250 ml glass 
beaker followed by the addition of water and the dispersant Na-hexametaphosphate. 
Samples were then sieved through a 500 µm sieve to remove any macro-organic 
materials. The samples were subsequently treated with 30% H2O2 to destroy any organic 
matter until there was no obvious reaction. Samples were then transferred to 50 ml tubes 
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and centrifuged at 2,700 rpm for a total of 9 minutes (3 minutes each for 3 times). After 
each centrifugation, the supernatant was decanted.  Samples were then transferred to pre-
weighed 250 ml glass beakers and allowed to dry at low heat (~700 C). After the 
sediments were completely dry, grain size analysis was completed using a Malvern 
Mastersizer S2000 laser grain-size analyzer to determine grain size distributions and the 
relative fractions of sand, silt and clay sized sediment (sensu Wentworth).    
In order to remove carbonate (inorganic carbon) prior to POC analysis, all sediment 
samples were treated by acid fumigation (Harris et al., 2001) in which very small 
amounts (0.1 – 0.2 g) of sample were exposed to concentrated HCl fumes for at least 24 
hrs. Samples were then run on a Carlo-Erba Elemental Analyzer (CHNS/O) using 
standard methods to determine POC (e.g., Yeager and Santschi, 2003). 
Grain size and POC concentrations measured at total 57 stations in SLB were 
interpolated in ArcGIS using an inverse distance weighting (IDW) method to create 
smooth distribution graphs. 
Results and Discussion 
POC and grain size distributions 
Particulate organic carbon concentrations and the percentage of silt + clay (or 
separately, silt % and clay %) of aquatic sediments often show strong positive 
correlations (Yeager et al., 2004; Yeager et al., 2007; Dinakaran and Krishanayya, 2011), 
which indicate that POC preferentially accumulates with fine grained sediments. POC 
and silt % in SLB sediments (Appendix A) were also positively correlated (r2 = 0.64, p < 
0.05). The POC distribution (Figure 3a) in SLB showed that the highest concentrations of 
POC (25-33 mg/g) were found at the mouth of the Jourdan River, and in pockets in the 
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south-central part of the estuary. Surface sediments from most of the northern part of 
SLB also contained relatively high concentrations of POC (18-24 mg/g). Similar to POC, 
the silt + clay % was also high in the northern part of the bay (Figure 3b). Wave- and 
tide-generated currents are thought to exist only in the middle portion of the bay (Cobb 
and Blain, 2002), and the northern part of the bay is also protected from Wolf River 
forcing by a peninsula (Figure 1). These are the likely reasons why large amounts of fine-
grained particles and POC were accumulating in the northern part of SLB. High 
concentrations of POC along with high silt-clay % can also be found at the inlet/mouth 
(western part mainly) of SLB and extend towards the center of the bay.  
 
Figure 3. a) POC distribution in SLB; b) distribution of the silt + clay fraction in SLB; 
and c) Cs distribution in SLB (in silt + clay fraction). Black dots denote sampling 
stations. 
 
Cesium distribution in surface sediment and correlation with grain size and POC 
Generally, the silt + clay fraction (< 63 µm size) of sediment contains the greatest 
concentrations of metals (e.g., Tam and Wong, 2000; Lin et al., 2002; Huang and Lin, 
2003). As the silt + clay faction can vary from sample to sample, metal contents in 
sediment samples are also a function of the proportion of silt + clay in the sample. Metal 
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concentrations measured in bulk sediment can be corrected for grain size variation using 
a dilution factor (dilution factor = 100/ [% below 63 µm]), which gives an estimate of 
metal content in the silt + clay fraction of the sediment (Horowitz, 1985). Figure 3c 
shows the Cs distribution (in the silt + clay fraction) in surface sediments of SLB. Cs 
concentrations ranged between 0.07-49 µg/g in SLB surface sediment. It is clear from the 
figure that the outfall station and station 46 (Figure 2) had very high concentrations of 
stable Cs. However, station 4 on the eastern margin of the bay also showed a higher 
concentration as compared to other stations in the bay (except the outfall station). In 
order to identify anthropogenically-affected stations, Cs concentrations (in unfractionated 
sediment) were plotted against Fe (Figure 4), and the metal concentrations which fall 
inside the ± 95 % prediction interval of the best fit line are considered as natural, and  
Cs (g/g)
0 10 20 30 40 50
Fe
 (m
g/
kg
)
0
10000
20000
30000
40000
50000
60000
Stn 46 Outfall Stn
 
Figure 4. Sedimentary Cs is plotted against sedimentary Fe. Solid red lines are ± 95 % 
confidence interval of the best linear fit line (dashed line). 
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those which are outside can be considered to be affected by human impact (Covelli and 
Fontolan, 1997; Rule, 1986; Schiff and Weisberg, 1999; Trefry and Presley, 1976a). 
Figure 4 suggests that Stn 46 (NE of the outfall) and the outfall station (Stn 71) are the 
only ones significantly affected by Cs contamination. While the sample from station 4 
showed a high Cs concentration (Figure 3C), the normalization with Fe (Figure 4) shows 
station 4 falling inside the ± 95 % prediction interval. 
 Interestingly, Cs in bulk sediment was poorly correlated (r2 = 0.09, p <0.05) with 
the clay %, which is generally considered to be a major controlling factor for Cs 
distribution in sediment (Rigol et al., 2002). However, Cs was significantly correlated 
with the silt % (r2 = 0.63, p <0.05) and POC concentrations (r2 = 0.74, p < 0.05), when 
station 46 and the outfall station (as anthropogenically impacted) were excluded from the 
data set. Poor correlation between Cs and clay % indicates that in SLB, montmorillonite 
clay in the presence of organic matter may be a relatively poor adsorbent for Cs. Staunton 
and Roubaud (1997) observed marked decreases in Kd values of Cs when soil-extracted 
fulvic acid (fulvic acid to clay ratio 1-5%) was added to Ca-saturated clays. They 
proposed that the most likely explanation was that fulvic acid has a high affinity for 
selective adsorption sites or for adjacent sites in clays, and thus block Cs access to 
adsorption sites. Bellenger and Staunton (2008) showed in a laboratory experiment that 
the Kd of 137Cs decreased by nearly a factor of 2 when montmorillonite clays were coated 
with humic substances. In general, organic matter has been shown to reduce the Cs 
adsorption capacity of clay minerals, especially for illite but also for montmorillonite 
(Staunton et al., 2002). Although the mechanisms behind this effect are not yet clearly 
understood, blocking of adsorption sites by organic matter (Staunton and Roubaud, 1997) 
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or inhibiting the collapse of frayed edge sites followed by Cs adsorption (Dumat and 
Staunton, 1999; Rigol et al., 2002) have been postulated as possible mechanisms.  
Significant correlation (r2 = 0.74, p < 0.05) between Cs and POC implies that Cs 
may be adsorbed to organic surfaces in SLB. However, Rigol et al. (2002) showed that in 
organic soils with more than 95% organic matter content, Cs was adsorbed at non-
specific sites. It is worthy of note that previous experiments had been done mainly in soil 
systems which are not directly comparable with our coastal, subaqueous marine 
sediments, and that sediments in SLB are not nearly this organic rich (< 3% POC). 
However, strong remobilization of Cs during resuspension events (see next section) 
certainly indicated that a significant amount of Cs was adsorbed to SLB sediment, and 
was readily exchangeable (and thus may be weakly adsorbed). Further research should 
investigate the composition of organic matter in SLB sediments and their interaction with 
highly weathered montmorillonite clay in order to draw concrete conclusions about why a 
significant portion of Cs adsorbed to SLB sediments is readily exchangeable. 
Seasonal variation and spatial distribution of Cs in SLB water   
Generally, dissolved Cs is < 1 nM in rivers and is conservatively distributed in 
seawater with a concentration of ~2.3 nM (Volpe et al., 2002; Martin et al., 1994). Very 
little work has been done on the distribution of stable Cs in estuaries. Shim et al. (2012) 
reported that the Cs distribution in the outflow of the Mississippi River behaved 
conservatively. But for SLB, Cs behaved non-conservatively during our sampling periods 
(Figure 5). 
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Figure 5. Dissolved Cs behavior along the salinity gradient in SLB. 
The highest dissolved Cs concentrations in SLB were observed at stations 
(Appendix E) close to the outfall (stations 1 and 2), and coincided with high wind speed 
events. For example, in January 2012 (Figure 5) the average wind speed was as high as 8-
9 m/s (NOAA, 2013), which likely caused resuspension of bottom sediment. At that time 
dissolved Cs concentrations were as high as 123 nM at station 1 (Appendix C). 
Suspended particulate matter (SPM) concentrations were also very high during this event, 
ranging between 22 mg/L - 133 mg/L. In normal wind conditions (wind speed = 3.2 m/s) 
(NOAA, 2013) in January, 2011, Cs concentrations ranged between 2 nM and 40 nM, 
(Figure 5) and SPM concentrations ranged between 2 mg/L and 10 mg/L. During a time-
series sampling on October 1- 2, 2012, samples were collected starting from a relatively 
high wind speed event, and ended at a lower wind speed. The wind speed was 5.6 m/s in 
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the morning of October 1, 3.4 m/s in the afternoon, and 2.9 m/s on the morning of 
October 2.  Dissolved Cs concentrations ranged from 23 nM to 401 nM on the morning 
of October 1, from 1 nM to 114 nM in the afternoon of the same day, and from 3 nM to 
89 nM the next morning (Figure 6).  
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Figure 6. Dissolved Cs distribution at SLB water stations 1 through 5 during time series 
sampling which started at a wind speed of 5.6 m s-1 (Oct. 1, morning) and ended at a 
wind speed of 2.9 m s-1 (Oct. 2, morning). 
 
For simplicity, if only station 1 (closest to the outfall) is considered, then Cs 
concentrations were 258 nM in the morning of October 1, 114 nM in the afternoon, and 
dropped to 89 nM in morning of October 2. The SPM concentrations at this station were 
65 mg/L, 48 mg/L and 15 mg/L during these same time periods, respectively. In general, 
dissolved Cs concentrations decreased at stations moving away from the DuPont outfall, 
indicating removal of Cs from the water column, most likely by adsorption to 
organic/inorganic particulate matter and/or by simple dilution (Figure 6 and Figure 8).  
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The high Cs concentrations during January, 2012, as compared to January 2011 
and during the morning of October 1 compared to that afternoon, or the next morning, 
suggest a sediment resuspension source for the increased dissolved Cs. Because there 
were no significant differences between the Cs concentrations in our 0.02 and 0.45 µm 
filtrates, we discounted the possibility that the increased Cs resulted from resuspension of 
sub-micron clays. This leaves three possible mechanisms (or a combination of them) for 
the high Cs concentrations observed in January 2012, a) erosion of Cs enriched pore 
water, b) Cs diffusion from sediment, and c) desorption of Cs from resuspended 
sediments.  
Pore water contribution 
Sholkovitz et al. (1983) showed that pore water of Buzzards Bay, Massachusetts 
surface sediments had 137Cs concentrations, which were twice those in overlying 
seawater, and that Cs in sediment was preferentially transported downward in pore 
waters. Evans et al. (1983), De Koning et al. (2004), and Kaminski et al. (1997) found 
that Cs in sediment can be mobilized by diagenetically produced NH4+, Fe2+ and Mn2+. 
We have very limited pore water Cs data (Figure 7), derived from one short sediment 
core which was collected far from the outfall station (Figure 2). Cs pore water 
concentrations in this core range from 13-23 nM and showed the highest concentration at 
a depth of 4 cm. As pore water Cs concentration at the surface sediment is about the same 
or lower than the water column Cs concentrations, we don’t expect any contribution (see 
supplementary data) from pore water towards increased Cs during resuspension events. 
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Figure 7. Dissolved Cs concentration in pore water. See Figure 2 for core location. 
 
Diffusive flux from sediment 
Based on the Cs concentrations in the water column and in pore water (Figure 7, 
8), diffusion of Cs from sediment has been calculated using the equation from Ullman 
and Aller (1982): 
ܨ݈ݑݔ ൌ െܦ௦ܨ ∗
݀௖
݀௫ 
where Ds is the bulk sediment diffusion coefficient for Cs (Li and Gregory, 1974), 
F is a resistivity factor and dc/dx is the concentration gradient between the pore water Cs 
concentration and that in the overlying water, where dx = 10 cm. Taking DS = 20.7 x 10-6 
cm2 s-1 (at 25º C), F = 2, and dc = (14-2) =12 pmol cm-3, then, to a first approximation, 
the diffusive flux of dissolved Cs from the sediment to water column at the core site is 
about 10 nmol m-2 day-1. Considering the average depth of SLB is 1.5 m, this diffusion 
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flux contributes ~7 nmol m-3, which is insignificant (less than 0.01%) compared to the 
concentration increase (~100 x 103 nmol m-3) during resuspension (at station 1). 
Desorption from SPM 
During the January 2012 resuspension event, there was a 100 mg/L increase in 
SPM near the outfall station where we also observed increased water column Cs 
(approximately 100 nM). Assuming those resuspended sediments had a Cs concentration 
similar to sediments found near the outfall (~40 µg-Cs/g-dry sediment), then there was an 
extra 30 nM sedimentary Cs injected into the water column by resuspension. Even if all 
of this Cs desorbed from the resuspended sediments, it would only account for 30% of 
the observed increase in water column dissolved Cs. We do note that resuspension events 
in SLB were observed when wind speed exceeded 4 m/s. During January 2012, wind 
speed was > 4 m/s ~40% of the time. It is thus likely that repeated resuspension of the 
same sediment followed by desorption can be a very important process for Cs 
remobilization and transport. 
Desorption of Cs from resuspended sediment in SLB might be a common process 
due to the fact that montmorillonite is the dominant clay mineral in SLB (Elston et al., 
2005). Montmorillonite adsorbs Cs more weakly than illite because unlike illite it does 
not have high affinity, specific adsorption sites for Cs (Shawney, 1972; De Koning et al., 
2007; Liu et al., 1995). Liu et al. (2003) have shown that a significant fraction (10-55%) 
of Cs adsorbed to high affinity sites (in illite) is readily exchangeable. Evans et al. (1983) 
concluded that highly weathered soils of the Gulf of Mexico coastal plain (including the 
SLB region) are susceptible to low fixation of 137Cs, and thus can cause adsorbed Cs to 
be more mobile and biologically available. Also, as previously mentioned, POC in SLB 
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sediment may play a role in reducing adsorption capacity of montmorillonite clay, thus 
contributing to exchangeable Cs. Volpe et al. (2002) showed rapid desorption of 137 Cs 
from sediment with increasing salinity in north San Francisco Bay and Baja, California 
coastal waters. Zucker et al. (1984) noted a down-estuary trend in sedimentary 133 Cs 
(decreasing [Cs]) in the James River estuary and similarly suggested that seawater cations 
were causing exchange of Cs off of the clays. In a laboratory experiment, Liu et al. 
(2003) and Evans et al. (1983) showed that Na+ and K+ were effective in desorbing Cs+ 
from non-specific adsorption sites of clays. During resuspension events, sediments are 
exposed to high concentrations of seawater cations, and the readily exchangeable fraction 
of Cs thus can be desorbed by ion exchange. It is noteworthy that during January 2012, 
salinity in the bay (15-21 ppt) was higher as compared to the other seasons (range 
between 0.5 ppt and 10 ppt). Deposition of sediment under less saline conditions and 
exposure to more saline conditions during resuspension in January 2012 might have 
augmented the Cs desorption from SPM.  Our findings regarding the desorption of Cs 
from sediments are in accord with the conclusion of De Koning and Comans (2004), that 
in natural systems, the reversibility of 137Cs sorption is much higher than is generally 
assumed, though our results suggest that desorption can occur more quickly than their 
experiments imply. 
The above estimations for a) pore water contribution, b) diffusive flux, and c) 
desorption from resuspended sediment suggested that resuspension desorption of readily 
exchangeable (or reversibly adsorbed) Cs can play a big role in shallow estuaries (like 
SLB or even shallow costal seas) to determine the water column Cs concentrations. In 
fact, MacKenzie et al. (1999) showed that short-term desorption rates from sediment 
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(reversible Cs sorption) can exceed the input flux of Cs over the long-term (20-30 years) 
in coastal waters of the Irish Sea. Here, estimations showed that Cs remobilization to a 
significant extent can take place in shallow water bodies during seasons with frequent 
resuspension events. 
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Figure 8. Dissolved Cs concentrations at offshore stations 1 through 8. The letter ‘S’ 
associated with station numbers (1-8) indicates that samples were collected from surface. 
 
Interestingly, during January 2013 sampling, station 1 (located closest to the 
outfall) showed an extremely high (highest among all data) Cs concentration (1,570 nM). 
However, during this period wind speeds were normal, and all other stations had Cs 
concentrations comparable to those observed in January 2011. We were careful not to stir 
the bottom sediment (by boat) during our sampling and thus not considering this high 
concentration (1570 nM) as sampling artifact. It is likely that there may be changes in Cs 
discharge over the year from the outfall in SLB. As we don’t have access to DuPont 
effluent discharge data, we can’t draw any further conclusions but only can suggest that 
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variation in Cs discharge through the outfall may be a factor for seasonal variation in Cs 
distribution. 
Other than the wind speed (and thus resuspension of sediment), fresh water inputs 
to the bay seem to have a significant influence on the Cs distribution in the water column. 
The Jourdan River discharge data are not available after Hurricane Katrina (2005); 
however, when comparing the drainage basin sizes (560 km2 vs. 900 km2) and past river 
discharge data (prior to 2005) of the Jourdan and Wolf Rivers, it is clear that the Wolf 
River is the primary source of fresh water to the bay. The lowest dissolved Cs 
concentrations (0.6-12 nM) were observed in September 2011 when the Wolf River 
discharge was high (79 m3/s) (USGS, 2013). During September 2010 when the Wolf 
River discharge was much lower (11 m3/s), Cs concentrations ranged between 2-53 nM in 
the bay. Thus, the Cs concentrations in the bay during September 2011 might have been 
diluted by the relatively large discharge of fresh water (> 1 nM Cs concentration). Note 
that we did not observe a significant difference in SPM concentrations between 
September 2011 (9-24 mg/L) and September 2010 (11-35 mg/L).  
We found the highest dissolved Cs concentrations close to the outfall during all 
seasons (Appendix C); we confirm here that the outfall of the titanium dioxide refinery is 
the major point source of stable Cs to the bay. As SLB is a shallow estuary, often with a 
high particulate load, we also expected to find high concentrations of Cs in the water 
column as well as in surface sediment at stations close to the outfall, and that Cs 
concentrations would gradually decrease at stations moving away from the outfall. Thus, 
it is not surprising that we found high concentrations of dissolved Cs at stations 1, 2, and 
3 (Figure 1) in almost all seasons.  
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Dissolved Cs concentrations in the MS Bight and MS Sound 
Offshore stations (Figure 2) were placed to serve as a transect from SLB to the 
MS Bight through MS Sound. For simplicity, we divide this transect into 4 groups. 
Offshore transect stations 1 and 2 represent the mouth of SLB, stations 3 and 4 represent 
the MS Sound, stations 5, 6, 7 and 8 represent the MS Bight. According to Cobb and 
Blain (2002), there is a strong current flowing parallel to the shore just outside of SLB 
and towards the east. Thus, it is likely that once Cs-enriched SLB waters exit the bay, 
they will flow east. Dissolved Cs concentrations at the mouth of SLB (NGI 1, 2) ranged 
from 0.7 to 99 nM, with an average of 14.7 nM over the period of 2007 to 2011 
(Appendix D; Figure 8 for 2010-2011). However, in spite of the strong current, elevated 
Cs concentrations (> 2 nM) were found in MS Sound waters in most seasons (Figure 8). 
Dissolved Cs concentrations in MS Sound waters ranged from 0.6 to 6.7 nM with an 
average of 2.6 nM (2007-2011), and for the MS Bight, concentrations ranged from 1 to 
2.3 nM with an average of 1.8 nM. MS Bight waters are strongly influenced by 
Mississippi River water, which has very low concentrations (~2.3 nM) of Cs (Shim et al., 
2012). Thus the surface waters of MS Sound were impacted by SLB water, which was 
enriched in Cs, but MS Bight waters were not impacted by Cs-enriched SLB waters. 
Conclusions 
  Our data show that the surface waters and sediments of SLB are 
anthropogenically contaminated with stable Cs. The Cs distribution in the water and 
surface sediments also suggests that the titanium dioxide refinery located on the north 
bank of SLB is a point source of stable Cs. Our conclusion is also supported by the fact 
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that one common method for TiO2 refining factory involves use of stable Cs salts as a 
nucleant substance in the pigment manufacturing process (Allen and Evers, 1993). 
 Strong remobilization of Cs was observed during resuspension events. Dissolved 
concentrations of Cs increased by ~3 fold during resuspension events compared to non-
resuspension events. Presence of highly weathered montmorillonite clay (which weakly 
binds Cs) as the dominant clay mineral, and the presence of organic matter (which 
inhibits Cs adsorption on clay) are possible reasons for Cs being readily exchangeable in 
SLB during resuspension events. However, our study suggests further research is 
necessary to investigate the composition of organic matter and its interaction with highly 
weathered montmorillonite clay in order to understand strong Cs remobilization in SLB. 
 Readily exchangeable (reversible adsorption) Cs and the induced desorption from 
resuspended sediment is a prime process controlling Cs concentrations in SLB waters 
during times of resuspension. Diffusion from sediment and pore water erosion both 
contribute insignificantly towards Cs remobilization. High river discharge appears to 
dilute the Cs concentration in the SLB water column.  However, variation in the outfall 
discharge over the year is also likely a factor.  
 Cs-enriched SLB waters reach the MS Sound, causing increased Cs 
concentrations there. However, MS Bight waters do not show any impact from SLB 
water and may be influenced more by Mississippi River waters, which are low in Cs 
concentration. 
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APPENDIX A 
POC (mg/g) AND SILT + CLAY (%) IN SURFACE SEDIMENT SAMPLES.   
Station POC( mg/g) 
Silt + Clay 
(%)  Station POC( mg/g) 
Silt + Clay 
(%) 
St Outfall 20.9 87 St 32 24.3 90 
St 1 9.6 48 St 34 22.3 79 
St 2 20.0 91 St 36 15.4 65 
St 3 10.5 70 St 37 18.3 57 
St 4 7.4 10 St 38 16.8 62 
St 5 24.6 96 St 39 8.4 49 
St 6 20.6 72 St 40 7.3 12 
St 7 3.8 5 St 41 19.1 72 
St 8 22.5 91 St 42 18.9 85 
St 9 26.6 95 St 43 20.6 87 
St 10 13.0 21 St 44 14.1 86 
St 12 14.2 75 St 45 19.4 77 
St 13 14.3 50 St 46 20.7 85 
St 14 8.0 36 St 48 16.2 71 
St 15 1.9 0 St 49 62 
St 16 9.0 38 St 50 9.1 50 
St 17 11.3 62 St 51 11.6 92 
St 18 25.5 88 St 53 14.6 55 
St 19 5.0 14 St 54 4.6 8 
St 20 17.0 83 St 56 26.3 94 
St 21 7.1 39 St 58 11.5 51 
St 22 13.6 75 St 59 10.3 52 
St 23 10.9 41 St 62 10.7 83 
St 24 8.0 27 St 63 11.1 28 
St 27 17.7 61 St 65 17.4 34 
St 28 14.3 47 St 66 18.7 64 
St 29 11.4 37 St 67 16.8 71 
St 30 25.3 82 St 70 8.4 49 
St 31 32.9 74        
 
 
24 
 
APPENDIX B 
Cs CONCENTRATIONS IN BULK SEDIMENT, CORRESPONDING DILUTION 
FACTORS AND Cs CONCENTRATIONS IN SILT + CLAY PORTION OF SURFACE 
SEDIMENT IN SLB. 
 
Station Cs in bulk sediment (µg/g) Dilution Factor Cs in silt + clay (µg/g) 
1 2.53 2.07 5.24 
2 7.39 1.1 8.14 
3 3.74 1.44 5.37 
4 2.83 10.33 29.28 
5 8.22 1.04 8.52 
6 7.67 1.38 10.6 
7 0.54 19.38 10.5 
10 1.59 4.81 7.64 
12 3.18 1.33 4.21 
13 4.26 1.99 8.47 
14 2.04 2.81 5.73 
15 0.07 0 0.07 
16 3.16 2.62 8.27 
17 4.01 1.61 6.47 
18 9.55 1.14 10.9 
19 1.45 6.95 10.1 
20 6.03 1.21 7.27 
21 2.25 2.59 5.82 
22 4.7 1.34 6.3 
23 3.43 2.46 8.42 
24 1.9 3.72 7.07 
27 5.88 1.64 9.67 
28 3.39 2.11 7.16 
29 3.8 2.69 10.2 
30 7.65 1.22 9.37 
31 8.18 1.36 11.12 
32 7.88 1.11 8.71 
34 9.12 1.27 11.55 
36 7.84 1.54 12.07 
37 9.22 1.75 16.18 
38 5.84 1.61 9.42 
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Appendix B (continued). 
 
39 2.82 2.03 5.72 
40 1.07 8.25 8.85 
41 9.37 1.39 13.06 
42 8.68 1.18 10.23 
43 10.27 1.14 11.75 
44 6.93 1.17 8.08 
45 10.59 1.3 13.78 
46 14.38 1.17 16.88 
9 7.66 1.05 8.05 
8 6.88 1.1 7.55 
48 5.5 1.4 7.72 
50 2.32 2 4.64 
51 6.38 1.08 6.91 
53 3.18 1.83 5.83 
54 0.28 13.14 3.74 
56 10.08 1.07 10.74 
58 2.56 1.98 5.07 
59 1.8 1.92 3.45 
62 1.62 1.2 1.95 
63 1.67 3.55 5.91 
65 5.53 2.94 16.24 
66 3.93 1.56 6.12 
67 4.39 1.41 6.17 
70 1.89 2.04 3.86 
Outfall 43.01 1.14 49.23 
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APPENDIX C  
SALINITY AND TOTAL DISSOLVED Cs CONCENTRATIONS DURING SEVERAL 
SAMPLING PERIODS IN SLB. 
Salinity 
Station Sep. 2010 Jan. 2011 May. 2011 Sep. 2011 Jan. 2012 Jan. 2013 
1S 5.7 28 4.0 3.4 20 5.0 
2S 2.8 21 2.6 4.9 20 5.4 
3S 1.9 22 1.9 3.6 19 ND 
4s 6.0 15 1.6 8.5 21 4.9 
5S 10.5 17 1.8 6.1 21 12.3 
6S 0.4 14 4.5 1.1 17 3.8 
7S 0.4 17 4.8 2.5 15 4.2 
8S 4.6 21 2.0 3.5 21 ND 
9S 1.5 22 4.0 3.2 19 ND 
10S 4.9 22 1.9 7.5 21 ND 
11S 0.1 13 5.4 0.7 17 2.9 
12S ND 16 4.1 0.1 ND 1.5 
13S ND 25 2.2 8.1 ND ND 
14S ND ND ND 0.1 15 1.5 
Dissolved Cs (nM) 
Station Sep. 2010 Jan. 2011 May. 2011 Sep. 2011 Jan. 2012 Jan. 2013 
1S 49.3 40.8 33.4 8.4 123.4 1569.5 
2S 53.0 21.5 14.3 11.6 52.9 22.1 
3S 24.4 40.6 4.2 4.4 39.5 ND 
4s 32.3 3.0 0.7 6.6 30.5 39.2 
5S 37.5 2.9 1.6 5.8 27.5 4.5 
6S 3.5 22.9 36.0 2.2 33.2 24.1 
7S 7.0 25.3 39.1 3.7 35.2 30.7 
8S 34.1 33.0 4.1 2.1 23.8 ND 
9S 11.8 23.2 40.7 3.6 38.5 ND 
10S 38.9 22.5 3.9 12.3 17.1 ND 
11S 2.5 20.6 42.6 1.7 31.0 16.4 
12S ND 11.0 10.1 0.2 ND 3.1 
13S ND 21.5 4.7 6.1 ND ND 
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14S ND ND ND 0.6 27.0 ND 
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APPENDIX D  
Cs CONCENTRATIONS AT STATIONS NGI 1 THROUGH NGI 8 FROM 2007 50 
2011. 
NGI 
Station 
Collection 
Date 
Salinit
y (ppt) 
Cs 
(nM) 
NGI 
Station 
Collection 
Date 
Salinit
y (ppt) 
Cs 
(nM) 
1S 10/1/2007 20.9 99.11 6S 3/31/2010 28.7 1.95 
2S 10/2/2007 22.3 49.62 7S 3/31/2010 29.1 1.92 
3S 10/3/2007 25.2 6.66 8S 3/31/2010 30.6 1.89 
4S 10/4/2007 26 2.36 5S 5/17/2010 19.7 2.54 
1S 11/1/2007 17.7 28.85 6S 5/17/2010 21 2.03 
2S 11/2/2007 17.2 28.49 7S 5/17/2010 22.8 1.68 
3S 11/3/2007 25.2 6.44 8S 5/17/2010 22.4 1.56 
4S 11/4/2007 28.3 4.28 2S 5/26/2010 12.3 19.19
5S 11/5/2007 31.3 2.76 3S 5/26/2010 15.6 1.56 
6S 11/7/2007 33.8 2.36 4S 5/26/2010 17.6 1.83 
7S 11/9/2007 34.8 2.33 5S 5/26/2010 19.7 1.3 
8S 11/11/2007 35.1 2.28 6S 5/26/2010 21 1.34 
2S 2/1/2008 10.3 15.01 7S 5/26/2010 22.8 1.71 
3S 2/2/2008 11.5 1.92 8S 5/26/2010 22.4 1.39 
4S 2/3/2008 27.7 1.91 1S 6/16/2010 10.3 19.8 
6S 2/4/2008 33.5 2.13 2S 6/16/2010 10.8 13.02
8S 2/6/2008 33.6 2.16 3S 6/16/2010 15.4 2.24 
1S 3/1/2008 8.3 7.47 4S 6/16/2010 18.1 1.57 
2S 3/2/2008 11.5 4.98 5S 6/16/2010 18.1 ND 
3S 3/3/2008 13.8 4.03 6S 6/16/2010 19.6 1.22 
4S 3/4/2008 22.4 2.88 7S 6/16/2010 20.4 1.38 
6S 3/5/2008 29.3 2 8S 6/16/2010 20 1.53 
8S 3/7/2008 33.4 2.26 2S 7/14/2010 ND 2.18 
1S 4/1/2008 4.6 3.63 3S 7/14/2010 ND 1.13 
2S 4/2/2008 9.6 2.71 4S 7/14/2010 19 1.53 
3S 4/3/2008 12.8 1.78 5S 7/14/2010 16.9 1.37 
4S 4/4/2008 12.8 1.33 6S 7/14/2010 20.6 1.19 
5S 4/5/2008 21.7 2.04 7S 7/14/2010 21.2 1.57 
1S 5/1/2008 3.6 2.59 8S 7/14/2010 21.7 1.54 
2S 5/2/2008 5.5 6 1S 9/15/2010 ND 6.6 
3S 5/3/2008 11.9 0.97 2S 9/15/2010 13.2 8.38 
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4S 5/4/2008 17.4 1.31 3S 9/15/2010 17.8 2.88 
5S 5/5/2008 17.7 1.39 4S 9/15/2010 21.4 2.79 
6S 5/6/2008 20 1.49 5S 9/15/2010 24.5 ND 
1S 6/1/2008 11 16.47 6S 9/15/2010 26.3 2.32 
2S 6/2/2008 17.2 9.49 7S 9/15/2010 27.8 2.35 
3S 6/3/2008 21 1.68 8S 9/15/2010 28.5 2.02 
4S 6/4/2008 21.1 1.63 1S 10/6/2010 12.9 10.08
5S 6/5/2008 19.7 1.54 2S 10/6/2010 13.5 3.94 
6S 6/7/2008 21.2 1.27 3S 10/6/2010 18.3 6.18 
7S 6/9/2008 24.7 1.35 4S 10/6/2010 20.6 4.42 
8S 6/11/2008 24.7 1.64 5S 10/6/2010 29.2 1.97 
1S 7/1/2008 15.7 18.5 1S 11/17/2010 22.1 21.89
2S 7/2/2008 17 15.35 2S 11/17/2010 23 11.78
3S 7/3/2008 22.2 4.56 3S 11/17/2010 27 3.31 
4S 7/4/2008 24.3 1.59 4S 11/17/2010 28.9 2.7 
5S 7/5/2008 21 1.28 5S 11/17/2010 31 2.11 
6S 7/7/2008 21.3 1.3 1S 1/19/2011 23.8 9.96 
7S 7/9/2008 23.2 1.58 2S 1/19/2011 23.8 13.81
8S 7/11/2008 25 1.59 3S 1/19/2011 27.7 5.06 
1S 8/1/2008 18.2 39.4 4S 1/19/2011 29.3 2.51 
2S 8/2/2008 21.7 13.01 5S 1/19/2011 31.7 1.84 
3S 8/3/2008 25.2 2.26 6S 1/19/2011 33.1 1.86 
4S 8/4/2008 25.7 1.81 7S 1/19/2011 32.7 1.9 
5S 8/5/2008 27 1.79 8S 1/19/2011 34.5 2 
6S 8/7/2008 25.4 1.56 1S 2/16/2011 19.2 6.17 
7S 8/9/2008 28.5 1.81 2S 2/16/2011 19.8 6.9 
8S 8/11/2008 29.7 1.91 3S 2/16/2011 22.5 3.24 
1S 9/1/2008 ND 14.47 4S 2/16/2011 22.1 2.05 
2S 9/2/2008 ND 24.51 5S 2/16/2011 31.9 1.97 
1S 10/22/2008 ND 12.74 6S 2/16/2011 32.9 1.9 
2S 10/22/2008 ND 14.05 7S 2/16/2011 34.3 2.01 
3S 10/22/2008 ND 4.11 8S 2/16/2011 31.8 1.79 
4S 10/22/2008 ND 2.41 1S 3/16/2011 8.5 5.42 
5S 10/22/2008 ND 2.24 2S 3/16/2011 9.2 5.23 
1S 11/20/2008 19.3 20.32 3S 3/16/2011 14.2 2.08 
2S 11/20/2008 20.6 3.98 4S 3/16/2011 16.9 1.86 
3S 11/20/2008 24.9 5.52 5S 3/16/2011 25.9 2.44 
4S 11/20/2008 26.9 3.2 6S 3/16/2011 27.3 2.03 
5S 11/20/2008 18.5 2.03 7S 3/16/2011 28.4 1.98 
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Appendix D (continued). 
 
6S 11/20/2008 34.2 2.12 1S 5/23/2011 3.7 1.09 
7S 11/20/2008 35.2 2.19 2S 5/23/2011 3.6 0.44 
8S 11/20/2008 35.5 2.24 3S 5/23/2011 4.7 0.37 
1S 1/29/2009 14.6 22.47 4S 5/23/2011 8 0.65 
2S 1/29/2009 15.5 11.46 5S 5/23/2011 9.9 0.89 
3S 1/29/2009 18.8 4.9 6S 5/23/2011 15.4 1.14 
4S 1/29/2009 23.2 2.07 7S 5/23/2011 17.5 1.17 
5S 1/29/2009 29 1.77 8S 5/23/2011 21.6 1.52 
6S 1/29/2009 29.3 1.78 1S 6/22/2011 3.9 16.15
1S 3/12/2009 18.7 14.28 2S 6/22/2011 6.4 0.83 
2S 3/12/2009 18.3 7.21 3S 6/22/2011 17 1.24 
3S 3/12/2009 22.1 2.05 4S 6/22/2011 20.6 1.31 
4S 3/12/2009 22.7 1.8 5S 6/22/2011 20.3 1.46 
5S 3/12/2009 27.2 2.19 6S 6/22/2011 25.1 1.42 
1S 4/16/2009 7.4 10.23 7S 6/22/2011 25.4 1.83 
2S 4/16/2009 8.5 8.19 8S 6/22/2011 24.7 1.74 
3S 4/16/2009 14.8 2.64 1S 7/20/2011 7.7 40.72
4S 4/16/2009 17.6 1.76 2S 7/20/2011 14.4 33.02
5S 4/16/2009 23.1 1.84 3S 7/20/2011 19.7 5.52 
5S 6/25/2009 24.9 1.73 4S 7/20/2011 20.9 1.38 
6S 6/25/2009 29.9 1.8 5S 7/20/2011 25.8 1.93 
7S 6/25/2009 28.4 ND 6S 7/20/2011 25.3 1.44 
8S 6/25/2009 28.3 1.71 7S 7/20/2011 28 1.91 
1S 8/19/2009 25 36.27 8S 7/20/2011 28.5 1.87 
2S 8/19/2009 25.8 29.85 1S 8/17/2011 20.1 19.95
3S 8/19/2009 29.3 ND 2S 8/17/2011 21.3 12.85
4S 8/19/2009 30.4 2.6 3S 8/17/2011 26.8 2.67 
5S 8/19/2009 31.1 2.39 4S 8/17/2011 28.8 2.24 
6S 8/19/2009 31.8 2.14 5S 8/17/2011 28.9 2.02 
8S 8/19/2009 32.4 2 6S 8/17/2011 28.1 1.93 
1S 9/30/2009 16.2 16.7 7S 8/17/2011 29.6 2.04 
2S 9/30/2009 17.6 7.99 8S 8/17/2011 31.3 1.88 
3S 9/30/2009 21.3 3.84 1S 9/14/2011 10.5 14.71
4S 9/30/2009 26 3.62 2S 9/14/2011 12.3 1.29 
5S 9/30/2009 26.9 2.34 3S 9/14/2011 8.8 0.77 
6S 9/30/2009 28.4 2.22 4S 9/14/2011 10 0.79 
7S 9/30/2009 30.8 1.96 5S 9/14/2011 18.7 1.48 
1S 11/18/2009 10.9 20.67 6S 9/14/2011 23.2 1.89 
2S 11/18/2009 11.9 13.31 7S 9/14/2011 23.3 2 
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Appendix D (continued). 
 
3S 11/18/2009 15.7 2.06 8S 9/14/2011 28.1 1.99 
4S 11/18/2009 18 1.94 1S 10/5/2011 14 7.67 
5S 11/18/2009 26.1 2.52 2S 10/5/2011 14.6 3.3 
6S 11/18/2009 30.3 1.92 3S 10/5/2011 19.4 5.56 
7S 11/18/2009 30.3 1.92 4S 10/5/2011 22.7 3.43 
8S 11/18/2009 31 2.02 5S 10/5/2011 28.6 2.1 
1S 1/13/2010 3.6 14.86 6S 10/5/2011 31.6 2.2 
2S 1/13/2010 5.5 0.78 7S 10/5/2011 31.5 2.18 
3S 1/13/2010 11.8 0.94 8S 10/5/2011 33.1 2.04 
4S 1/13/2010 16.1 1.17 1S 11/21/2011 24.4 8.41 
5S 1/13/2010 25 2.23 2S 11/21/2011 25 7.8 
6S 1/13/2010 29.7 1.81 3S 11/21/2011 27.1 3.93 
1S 3/31/2010 11.2 10.72 4S 11/21/2011 29.5 2.29 
2S 3/31/2010 13.2 6.6 5S 11/21/2011 31.8 1.85 
3S 3/31/2010 18.2 1.97 6S 11/21/2011 33.2 1.69 
4S 3/31/2010 21.3 1.99 7S 11/21/2011 33.4 2.04 
5S 3/31/2010 26.4 2.27 8S 11/21/2011 33.9 1.87 
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APPENDIX E 
STABLE Cs CONCENTRATIONS AT STATION 1 THROUGH STATION 5 DURING 
VARIOUS SAMPLING PERIODS IN SLB. 
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CHAPTER II 
TRACE METAL DEPOSITION HISTORY IN  
HURRICANE KATRINA IMPACTED MARSH SEDIMENT 
Introduction 
 Salt marsh sediments have been used reliably for decades to study the pollution 
deposition history of coastal areas (e.g., Bricker, 1993; Church et al., 2006; Cochran et 
al., 1998; Cundy et al., 2003; Fox et al., 1999, Kim et al., 2004; Zwolsman et al., 1993).  
Salt marsh sediments are suitable for pollution chronology studies because a) they are 
rich in clay composition and thus result in high adsorption capacity for many 
contaminants (Valette-Silver, 1993), b) they tend to have steady and often high 
sedimentation rates (Stumpf, 1983; Yeager et al., 2012), and c) the marsh contains dense, 
stabilizing root systems, which can inhibit post-depositional disturbance  (Cundy et al., 
1997).   
 However, major hurricanes can affect the coastal landscape by eroding, re-
distributing, and depositing sediments via waves and storm surges (e.g., Morton and 
Barras, 2011; Turner, 2006; Williams, 2012; Williams and Flanagan, 2009).  The 
physical character and chemical content of a hurricane sediment layer can differ greatly 
from those organic-rich marsh sediments that are accumulating the majority of the time, 
except in cases where sediments are re-deposited from existing marsh (Nyman et al., 
1996) or originate from a nearby bay or shore (Reese et al., 2008).  Deposition and 
preservation of such event layers in marsh sediments can significantly impact the 
depositional record of pollutants derived from atmospheric and/or fluvial sources.  In 
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order to interpret pollution chronologies accurately or quantify pollutant inventories in 
marsh sediments, it is important to identify such event layers and understand their impact.  
 Preservation of a hurricane layer in marsh sediment depends on several factors 
including the depth and rate of bioturbation, the rate of sedimentation, the thickness and 
composition of the event layer, and the source of sediment (Wheatcroft and Drake, 2003).  
In general, these factors may vary across the marsh zonation (high vs. low) (Hippensteel 
and Martin, 1999; McCraith et al., 2003; Reese et al, 2008; Sharma et al., 1987). 
 Another challenge to quantifying pollution chronologies accurately in salt marsh 
sediment arises from early-diagenetic remobilization, which can modify the vertical 
profiles of both the pollutants and the fallout radionuclides often used for sediment dating 
(Guo et al., 1997; Spencer et al., 2003; Thomson et al., 2002).  As marsh sediments are 
enriched with organic matter, microbial degradation of that organic matter can cause a 
strong and distinct redox boundary, which in turn helps to mobilize elements like Fe and 
Mn (Thomson et al., 2002).  In sub-oxic sediments, Fe-oxides and Mn-oxides are 
dissolved reductively and can diffuse to the oxic layer where they precipitate as oxides or 
carbonates along with other trace metals (Cundy and Croudace, 1995; Spencer et al., 
2003; Zwolsman, 1993;).  Deeper in the sediments where microbes use SO42- to oxidize 
organic matter, dissolved Fe can be precipitated as a sulfide along with other trace metals, 
causing another peak in vertical profiles of trace metals (Spencer et al., 2003; Thomson et 
al., 2002).  This redox scenario can be complicated by the activity of burrowing 
macrofauna (Ferreira et al., 2007; Wilson et al., 2012) and underground root systems  
which can transport oxygen to depths below the redox boundary in the sediments 
(Caetano et al., 2008; Thomson et al., 2002).  The sediments around the root system and 
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the root system itself can accumulate high concentrations of Fe and Mn, along with other 
trace metals, including Zn, Cu, Cd, Cr, and As (Caetano et al., 2008; Sundby et al., 1998), 
which can create concentration peaks in the vertical profiles of pollutants below the redox 
boundary.  
 Thus, pollution chronology as recorded in salt marsh sediments can nonetheless 
be disturbed/modified by post-depositional processes. For instance, Febo et al. (2003) 
found two distinct event layers in marsh cores from SLB from Hurricane Camille in 1969 
and a storm in 1947.  In this manuscript we hypothesize that a) event layers originated 
from major storms (e.g. Hurricane Katrina, Hurricane camille) and b) redox-driven 
remobilization of metals significantly modified the trace metal deposition history in 
fringing marsh sediment of SLB.  
 In this study, the impacts of remobilization and hurricane event layers on the 
depositional history of anthropogenically-derived stable Cs, Cr, Ni, V and As in fringing 
marsh sediments of St. Louis Bay, MS were investigated.  
Study Area 
St. Louis Bay, Mississippi 
 St. Louis Bay (SLB), Mississippi is a 39 km2, shallow (average depth ~1.5 m), 
semi-circular estuary with a narrow (~3 km wide) passage connecting it to Mississippi 
Sound (Figure 1).  The two main sources of fresh water to the bay are the Wolf and 
Jourdan rivers. The northern and middle portions of SLB watershed are fairly 
underdeveloped (Huddleson et al., 2003). The pre-Katrina land-use percent distribution 
included 52% forest, 23% upland scrub, and 10% wetlands. Another 3% of the landuse is 
agricultural land which scattered through forest and scrub lands. Only 2% of the land is 
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urbanized and mainly centered in the southern part of this watershed along the perimeter 
of SLB (Huddleston et al., 2003). 
 St. Louis Bay sediments and oyster tissues are contaminated with Cr and Ni. The 
point source for these contaminants is a DuPont titanium dioxide refinery, located in the 
northern portion of the bay (Lytle and Lytle, 1979; Elston et al., 2005). Other sources that 
discharge directly into the lower part of SLB watershed are listed in Table 2 (MDEQ, 
2007). 
Table 2 
Point Sources list for SLB watershed (MDEQ, 2007) 
 
Name 
 
Treatment Type 
 
1. Long Beach Industrial District Park 
 
Activated Sludge 
2. Total Environmental Solutions, Inc. Discovery Bay    
    Subdivision 
Aerobic Treatment Unit 
3. Hancock County Utility Authority, Waveland POTW Activated Sludge 
4. Diamondhead Water and Sewer District Oxidation Ditch 
5. Five Star RV Resort Park, Outfall 001 Aerated Lagoon 
6. Five Star RV Resort Park, Outfall 002 Activated Sludge 
7. Jourdan River Shores Subdivision Activated Sludge 
8. Harrison Cty. Wastewater & Solid Waste Management Oxidation Ditch 
9. DuPont DeLisle Facility Activated Sludge 
10. Harrison Cty. DeLisle Wastewater Treatment  Oxidation Ditch 
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Table 2 (continued). 
 
Name                                                                                           Treatment Type  
11. Harrison Cty. Schools, East Hancock Elementary School Septic Tank with Sand 
Filter 
 
  Like most northern Gulf of Mexico (GOMx) estuaries, SLB is influenced by 
diurnal tides, which are also classified as microtidal (Eleuterius and Criss, 1994). As a 
result, sediment of SLB can be flushed out only during the storm events when river 
discharges are high (Blain and Veeramony, 2002). However, during low discharge 
(summer and fall), tides generally control the water circulation in the bay (Blain and 
Veeramony, 2002). Winds are generally onshore in the summer and fall and offshore 
during the winter and spring.  
 The fringing marshes of SLB are located around the mouths of the Jourdan and 
Wolf rivers and extend towards the northeast and northwest sides of the bay (Figure 1).  
These marshes are located away from any beach sand or dunes.The most common 
vegetation in the study area is Spartina alterniflora which can be found in low lying areas 
and along the creek banks. Spartina alterniflora and Juncus roemerianus are more 
common in the high marsh zone and also in the marshes which are dissected by creeks.   
Hurricane History of Mississippi Gulf Coast 
 A total of nine major hurricanes passed over the Mississippi coastline from 1851 
to 2005 (Blake et al., 2007). Following are the hurricanes which might have impacted 
SLB the most, Hurricane Katrina in 2005 is considered as one of the most devastating  
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hurricane event (damage cost 47 billion dollar) in the history of United States (NOAA, 
2014). Katrina made its landfall near Buras, Louisiana and moved northward to make a 
second landfall along the Mississippi/Louisiana border. The storm surges reached 8.5 m 
along a portion of the Mississippi coastline and about 9 m in SLB (NOAA, 2014). 
Hurricane Camille was the second most intense hurricane to hit the US coast. It made its 
landfall along the Mississippi coast as category 5 hurricane in 1969. The storm surges 
reached 7 m at Pass Christian, Mississippi (5-6 km from SLB) (NOAA, 2014).  The low 
lying areas in Hancock County, MS (SLB shares this county with Harrison County) were 
under 15 feet of water (NHC, 2014). 
  The other notable hurricanes which affected SLB were Hurricane Elena (1985), 
1947 Fort Lauderdale hurricane, and Hurricane Cheniere Caminada (1893). Hurricane 
Elena was a category 3 storm and caused significant damage along the US Gulf Coast 
(NOAA, 2014). It made its landfall at Biloxi, Mississippi (~40 km east of SLB). The 
storm surge was 2 m above normal tide along the MS coastline (Case, 1986). The 1947 
Fort Lauderdale hurricane passed over the city of New Orleans. Storm surges generated 
by this hurricane were ~5 m at SLB (Sanders, 1947). Hurricane Cheniere Caminada was 
a category 4 hurricane, which hit Chandeleur Island, Louisiana with a strom surge of 15 
m in 1893. After it made its first landfall in Louisiana, it moved northeast and made a 
second landfall along southeast Mississippi with weakened force (Gibson, 2006). 
 In terms of intensity of storm surges (which produce event layers in marsh 
sediment), SLB likely experienced its most devastating impacts from Hurricane Katrina 
(2005) followed by Hurricane Camille (1969) over the last century.  
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Method 
Sampling and Processing  
 Four short (~1 m) sediment cores (SLB_1, SLB_2, SLB_3 and SLB_4) were 
collected from the fringing marshes of St. Louis Bay, MS (Figure 9) using a wedge-corer, 
which is described in detail by Inglett et al. (2004).   
 
Figure 9. Location of SLB in the northern Gulf of Mexico (inset). Location of four 
sampling stations (wedge core) in fringing marsh of SLB. 
 The wedge-corer can collect relatively undisturbed marsh sediment sections 
without sediment compaction artifacts (core shortening). These sampling locations were 
chosen to cover sites from low marsh to high marsh and to get a reliable history of 
pollutants and event layers.  SLB_1 was collected 2-3 m into the marsh from the north 
bank of SLB. SLB_2 and SLB_3 were collected from marsh at the NW corner of the bay. 
These two stations are located 200-300 m from the north shore of the bay. These marshes 
are dissected by small creeks, and they were collected 8-10 m inside in the marsh from 
the creek bank. SLB_4 was collected from the NE marsh. This location is protected from 
direct hit of storm surges by a peninsula.  SLB_1 had the highest elevation (0.473 m 
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w.r.t. mean sea level) followed by SLB_3 (0.388 m) and SLB_2 (0.266 m) and SLB_4 
had the lowest elevation of 0.082 m (elevations w.r.t NAVD88). These specific coring 
sites were chosen to address spatial variation in event layer deposition as well as spatial 
variation due to distance from a point source (in this case for Cs). For example, SLB_1 
was likely subjected to the greatest impact from storm surge due to its location whereas 
SLB_4 is protected by a peninsula from direct storm surge. These coring sites also 
covered low, medium, and high marshes, which might have played role in deposition and 
preservation of event layers. 
After collection, each wedge core (~80 cm in length) was secured and stored 
upright for transport to the laboratory.  In the laboratory, each wedge core was 
photographed and described in detail, then sectioned at 1 cm intervals over the first ~70 
cm and at 2 cm intervals thereafter.  Sub-samples from each interval were then taken for 
a number of purposes, including 1) determination of bulk sedimentological properties 
(porosity, bulk density, etc.), 2) measurement of grain size, 3) counting of gamma (7Be, 
137Cs, and 226Ra), 4) determination of 210Pb activity concentrations by alpha counting its 
granddaughter, 210Po, 5) determination of sedimentary particulate organic carbon (POC) 
concentrations, and 6) determinations of Cr, Cs, Nd, Cd, Pb, Ni, Mn, Fe, Cu, As, and Zn.  
Trace metal samples were collected in acid-cleaned 18 mL plastic (low density 
polyethylene) vials and stored in a refrigerator until analyzed.  The sub-samples for 
radionuclides, grain size and POC were oven-dried at 70oC and stored in plastic zipper 
bags.  
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Analyses 
Radionuclides 
 Radionuclides such as 7Be (t1/2 = 53.5 d, E =477 keV) and 137Cs (t1/2 = 30 y, E = 
661 keV) were analyzed by non-destructive, high-resolution gamma spectrometry using 
Canberra HPGe well detectors and digital spectrum analyzers (DSA-1000).  Samples of 
~10 g were packed in plastic test tubes prior to analysis.  Standards (137Cs: NIST, SRM 
#4357, and 7Be: Isotope Products Laboratories CN #6007) were prepared and run on each 
detector to determine representative efficiencies for each nuclide.  Counting and 
efficiency 1-sigma errors based on standards were typically less than 2% but for samples, 
on average, were counted for 3 to 4 days to reach a standard deviation for both isotopes 
on the order of 3 - 5%. 
 Lead-210 (t1/2 = 22.4 y) was analyzed by a Canberra integrated alpha 
spectrometer, model 7200.  Samples (~1 g) were spiked with a certified 209Po tracer 
(Isotope Products Laboratory, #6209-100N) and completely digested (no residue) using 
strong acids (HF, HNO3, HCl).  Ascorbic acid was then added to the leachate to reduce 
free Fe (III) and an Ag disk was added to the solution over heat to provide a substrate for 
spontaneous deposition of polonium isotopes (Ravichandran et al., 1995a, 1995b; 
Santschi et al., 1980, 1999; Yeager et al., 2004). 
Trace Metals 
 Trace metal samples were sieved through a 2 mm mesh size plastic sieve to 
remove any macro-organic matter and were then oven dried (70oC) to constant weights 
and homogenized using an agate mortar and pestle.  Samples (~25 mg) were then 
digested in teflon bombs with a mixture of concentrated HNO3, HF and H2O2 (modified 
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from Wu et al., 1996). After an initial 10 min. digestion in a microwave oven, saturated 
boric acid was added and samples were redigested for another 5 minutes.  Digested 
mixtures were then quantitatively transfered to 30 mL plastic vials using 1% HNO3.  To 
check the efficiency of the digestion method, duplicates or triplicates of a standard 
reference material (NIST SRM, Estuarine Sediment 1646a) were also digested with every 
batch (~25 samples). Samples were then measured using a high resolution-inductively 
coupled plasma-mass spectrometer (HR-ICP-MS) (Thermo-Finnigan Element 2) using a 
low uptake teflon nebulizer and teflon spray chamber.  Five points of external standards 
were used for calibration purposes in addition to the use of 95Mo and 115In as internal 
standards. While Cs was measured in low resolution, Cr, Ni and V were measured in 
medium resolution and As was measured in high resolution. An intermediate standard 
was run several times with each batch in order to track and correct the instrumental mass 
drift. Average recovery from SRM samples (n = 12) was 88% for Cr, 101% for Ni, 96 % 
for V and 111% for As .  Because Cs has not been reported for SRM 1646a from the 
manufacturer, SRM samples were spiked with known amounts of 133Cs, and the recovery 
was determined to be between 107-112%. Also, average Cs concentrations in the SRM 
samples (n = 12) was 1.32 µg/g and the RSD (relative standard deviation) was 7%. At 
least 10% of the samples were run in duplicate or triplicate to check the precision of the 
method and RSD was below 10% for Cr, Ni and V. However, RSD for As was as high as 
17% (range 0-17%). 
 Trace metal concentrations were corrected for grain size by multiplying by a 
dilution factor (dilution factor = 100/[% below 63 µm]) (modified from Horowitz, 1985).  
51 
 
Metal concentrations in wedge core samples were not corrected for carbonate content 
because percent carbonate contents were below 1% in most depth intervals.   
Grain Size and POC 
 For grain size analysis, ~2 g of disaggregated sample was placed in a 250 mL 
glass beaker followed by the addition of water and Na-hexametaphosphate.  Samples 
were then sieved through a 500 µm sieve to remove any macro-organic materials.  The 
samples were subsequently treated with 30% H2O2 to destroy any organic matter until 
there was no obvious reaction.  Samples were then transferred to 50 mL tubes and 
centrifuged at 2,700 rpm for a total of 9 minutes (3 minutes, 3 times). After each 
centrifugation, the supernatant was decanted.  Samples were then transferred to pre-
weighed 250 mL glass beakers and allowed to dry at low heat (~70 0C).  After the 
sediments were completely dry, grain size analysis was completed using a Malvern 
Mastersizer S2000 laser grain-size analyzer.    
 In order to remove carbonate prior to POC analysis, all sediment samples were 
treated by acid fumigation (Harris et al., 2001) in which very small amounts (0.1 - 0.2 g) 
of sample were exposed to concentrated HCl fumes for at least 24 hrs.  Samples were 
then run on a Carlo-Erba Elemental Analyzer (CHNS/O) using standard methods to 
determine POC (Yeager and Santschi, 2003). 
Mass accumulation rate (Sa) using 210Pbex   
 Unsupported or “excess” 210Pb (210Pbex) activities were calculated by subtracting 
supported 210Pb (210Pbsupp) activity concentrations from total 210Pb activity concentrations 
(210Pbsupp = average of total 210Pb activity from 5 bottom depth intervals).  As the marsh 
areas sampled were assumed to have been disturbed by storm surges, these sediment 
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cores may have had highly variable sediment accumulation rates with time.  The constant 
flux (CF) model (Robbins, 1978; Yeager et al., 2012) was used to determine sediment 
mass accumulation rates (MARs).  This model is appropriate in this setting as it assumes 
a constant flux of fallout 210Pb, but with variable sedimentation rates. The 210Pbex 
distribution as a function of mass depth can be described as Equation 1:  
210Pbex = F210e−λt/Sa…………………………………………………………………………………………………………..(1)                         
where F210 is the 210Pb flux, λ is the decay constant (210Pb= 0.031 yr−1), t is the time, and 
Sa is the sediment MAR (g cm−2 yr−1). Sediment MAR (Sa, g cm−2 yr−1) can then be 
calculated as per Equation 2: 
Sa = Δm/Δt……………………………………………………………………………….(2)                         
where Δm is mass depth (g cm-2) and Δt is time increment (yr). 
Sediment chronology was also determined from 210Pbex using same CF model (Appleby 
and Oldfield, 1978, 1992; Yeager et al., 2007) as in Equation 3: 
t = -(1/λ) ln[1-(Σ(m)/Σ(∞))]……………………………………………………………...(3)                         
where t = time (yr), λ = 210Pb decay constant, Σ(m) = 210Pbex inventory below depth x 
(cm), Σ(∞)=210Pbex inventory of the whole core, from surface to depth infinity (or where 
activity is below detection limit).  
Results and Discussion 
Identification of Hurricane Layers 
 The preservation and identification of hurricane layers is crucial in the discipline 
of paleotempestology, the study of past hurricane activity using evidence preserved in the 
sedimentary record of coastal environments.  One reliable proxy which has been used 
widely in paleotempestology is overwash or storm surge deposits preserved in coastal 
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lake or marsh sediments (Donnelly et al., 2001, 2004; Liu et al., 2008, 2009).  Salt marsh 
sediments are typically organic-rich with high pore space and thus tend to have low dry 
bulk density values (<0.5 g/cm3).  For example, Nyman et al. (1990) reported that 
Louisiana salt marsh sediments have an average dry bulk density of <0.30 g/cm3.  Thus, 
any sediment layer with relatively high dry bulk density (>1 g/cm3; for sand) or grain 
density along with relatively low organic carbon content may indicate the deposition of 
inorganic sediment delivered by storm surges (Turner et al., 2007; Reese et al., 2008). 
Core SLB_1  
 The location of SLB_1 probably faced maximum impacts from storm surge due to 
its proximity to the shoreline (Figure 9). This was reflected in disturbances in the vertical 
profiles of 210Pbxs, dry bulk density, grain size, and POC (Figure 10).  The whole-core 
average dry bulk density of SLB_1 was 0.59 g cm-3, whereas the upper 4 cm to 22 cm of 
this core had an average dry bulk density of 0.83 g cm-3, while below that, an average dry 
bulk density of only 0.50 g cm-3 (Figure 10a). Similarly, the whole-core average POC 
concentration of SLB_1 was 48 µg g-1, whereas the upper 4 cm to 22 cm had an average 
of only 28 µg g-1 and below that an average of 56 µg g-1 (Figure 10b).  Reese et al. (2008) 
identified the Hurricane Katrina layer in the nearby Pearl River marsh, Mississippi, by 
looking at loss on ignition (LOI; taken to represent % organic matter) of the sediment.  
Despite observing a large variation (20% - 80%) in LOI, Reese et al. (2008) found a 
significant drop (> 10%) in LOI in the Hurricane Katrina layers in most of the cores that 
were characterized.  The average perecent sand fraction in the upper 22 cm of this core 
was twice that of the lower part, and the percent sand fraction was 48% at 22 cm whereas 
25% at 23 cm (Figure 10c).  Hippensteel (2011) suggested that a sharp increase in percent 
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grain size could be used to detect a buried storm layer.  This ~20 cm thick layer (4 cm to 
22 cm) exhibited relatively high dry bulk density, low POC, and high percent sand 
values, and was interpreted here to represent deposits derived from one or more storm 
surges associated with Hurricane Katrina.  Two other, less-pronounced event layers could 
be identified using the same approach at depths of 35 cm to 44 cm and 49 cm to 51 cm.  
 With minimum physical and biological mixing, the 210Pb profile in salt marsh 
sediment should show an exponentially decreasing curve until it reaches background 
level (Cochran et al., 1998).  The 210Pb profile of SLB_1 (Figure 10d) indicated intervals 
of extensive sediment mixing between 7 cm and 22 cm and again between 40 cm and 44 
cm.  However, total 210Pb activity at this site was somewhat smooth and exponentially 
decreasing at the surface (0-7 cm). This indicated that surface sediment was not disturbed 
by bioturbation. Thus, extensive mixing in the upper section (7 cm - 22 cm) of the core 
could be explained if there is physical mixing caused by one or more storm surges. 
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Figure 10. Dry bulk density (a), POC (b), Sand (%) (c), Total 210Pb in SLB_1 core. 
Dashed area indicates event layer affected zone. 
Another interesting aspect of the total 210Pb profile is that SLB_1 had very low 
210Pb activity at the surface, about half that of the other 3 cores at the sediment-water 
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interface (Figures 10d, 11d, 12d and 13d). This core was gathered from a high marsh. 
Because high marshes rarely flood, the main source of  210Pb must have been atmospheric 
input alone, rather than the combined atmospheric and fluvial sources, which both affect 
the low marsh cores. Interestingly, total 210Pb activity at 23 cm (~70 mBq/g) was much 
higher than for the other 3 cores (~30-46 mBq/g)  at the same depth, suggesting that the 
sediment at 23 cm of SLB_1 is younger than the other 3 cores at the same depth. This 
then implies that above 23 cm, SLB_1 had a very high sediment accumulation rates 
which might have been caused by one or more hurricane depositions.  
Cores SLB_2,  SLB_3 and SLB_4 
 The dry bulk density and POC profiles of  SLB_2, SLB_3 and SLB_4 (Figures 
11a,b, 12a,b and 13a,b respectively) showed the signatures (i.e., increase in dry bulk 
density and drop in POC) of the most recent hurricane (Katrina) layers preserved in their 
profiles.  The percent sand profile of SLB_2 (Figure 11c) showed four layers with high 
percent sand (20% - 32%) preserved in this core whereas the average percent sand of this 
core was ~10% (±8).  These layers are identifiable at  0 cm - 3 cm, 20 cm – 22 cm, 40 cm 
- 46 cm (interlayered with a clay-silt layer) and at 58 cm. High sand percent alone can not 
confirm that these were hurricane layers. However, a dip in the POC profile at 4 cm 
(where POC drops from 63 µg g-1 at the surface to 41 µg g-1 at 4 cm) and an increase in 
bulk density at 6 cm (0.37 g cm-3 at the surface and 0.65 g cm-3 at 6 cm) broadly 
coincided with the most recent sand layer (0 cm - 3 cm) and confirmed it as a hurricane 
layer. The other three layers (with high sand percentage) at deeper depths could not be 
confirmed as hurricane layers.  
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Figure 11. Dry bulk density (a), POC (b), Sand (%) (c), Total 210Pb in SLB_2 core. 
Dashed area indicates event layer affected zone. 
The percent sand profile of SLB_3 was sampled every 1 cm down to 30 cm. Two 
high percentage sand layers were identified from this profile. One layer was between 2 
cm and 5 cm (with 15% - 23 % sand compared with an average 6% ± 5% sand for the 
core) and another small layer was at 19 cm  (12 % sand). However, similar to SLB_2, the 
most recent layer (2 cm - 5 cm) preserved in this core matched a reduced POC 
concentration (38 µg g-1 at 4 cm whereas average POC was 73 µg g-1 for SLB_3) and 
increase in bulk density (0.55 g cm-3 at surface to 0.74 g cm-3 at 7 cm) and indicated that 
this layer (2 cm - 5 cm) was deposited by storm surges.  
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Figure 12. Profiles of dry bulk density (a), POC (b), sand (%) (c), total 210Pb in SLB_3 
core. Dashed area indicates event layer affected zones. 
Similar to SLB_3, SLB_4 was also sampled at a 1 cm resolution down to 30 cm, 
and every 5 cm thereafter. Two layers with high sand percentage were identified at 6 cm - 
7 cm (25% - 27 % sand compared to average 12% ± 8% sand of the core) and another 
layer at 21 cm (with 21% sand). Concentration of POC was notable from 3 cm to 12 cm 
(POC = 43 µg g-1), versus the core average of 61 µg g-1). Bulk density was greater at 14 
cm (0.69 g cm-3) than the core average (0.47 g cm-3). So the most recent sand layer (6-7 
cm) can be confirmed as a hurricane layer. The 210Pb profiles of SLB_2 (Figure 11d), 
SLB_3 (Figure 12d) and SLB_4 (Figure 13d) were more regular than that for SLB_1 
(Figure 10d), and indicated less long-term mixing for SLB_2 and little if any significant 
long-term mixing for SLB_3 and SLB_4.  The mixing and/or disturbance in the 210Pb 
profile of SLB_2 was seen at depths of 5 cm - 11 cm and again at 29 cm - 32 cm.  SLB_3 
exhibited some homogenization of the 210Pb profile between 5 cm and 8 cm and SLB_4 
showed the same between 8 cm and 16 cm, both of  which were interpreted here to 
represent the Hurricane Katrina layer, which was corroborated by the relatively high 
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percent sand content (Figure 12c), high bulk density (Figure 12a) and low POC (Figure 
12b) in this depth interval as well.  
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Figure 13. Profiles of dry bulk density (a), POC (b), sand (%) (c), total 210Pb in SLB_4 
core. Dashed area indicates event layer affected zones. 
 
Stable Cs Deposition History 
 A titanium dioxide refinery began operation in 1979 along the north shore of 
SLB.  This refinery is the apparent point source of high concentrations of stable Cs (i.e., 
133Cs, not the commonly measured radionuclide 137Cs) in the bay (Shim, 2011).  Salts of 
Cs can be used in the TiO2 pigment manufacturing process (Allen and Evers, 1993, US 
Patent #5201949) and this refinery uses the chloride-ilmenite process which produces 
acidified soluble metal chlorides (MDEQ, 2003). Due to the very low hydration energy of 
the Cs cation, it can be adsorbed quickly and strongly by clay minerals (Dahlman et al., 
1975; Qin et al., 2012).  The proximity of the coring sites in this project to the marsh 
edge, fronting both the bay itself and tidal creeks, made them likely to record the history 
of Cs release and subsequent deposition in this area. 
Profiles of Cs for all four cores (Figure 14) showed a consistent increase from 
approximately 25 cm to the surface.  
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Figure 14. Stable Cs (µg g-1) profiles in core SLB_1, SLB_2, SLB_3 and SLB_4. 
 The average background concentrations of Cs in these cores range between 2 µg 
g-1 - 5 µg g-1, which is also in the range (~1-4 µg g-1) found in crust and soils (Cook et al., 
2007; Karadeniz and Yaprak, 2007; Yoshida et al., 2004).  The highest Cs concentrations 
(24 µg g-1) were found at the surface of SLB_1 and SLB_2, followed by SLB_4 (20 µg g-
1).  SLB_3, the station located furthest from the outfall of the refinery, had the lowest 
concentration (9 µg g-1).  To evaluate the extent of Cs contamination in these cores, an 
enrichment factor (EF) was calculated as the ratio of metal concentration at a given depth 
relative to the background concentration of the metal of interest (Figure 15) (Han et al., 
2006; Sutherland, 2000; Zhang and Liu, 2002).   
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Figure 15. Profiles of Cs EF (unitless) in SLB_1, SLB_2, SLB_3 and SLB_4 cores.  
Clay particles in SLB consist primarily of montmorillonite, which has charged 
surfaces and a high cation exchange capacity, both of which favor adsorption of metal 
contaminants (Elston et al., 2005).  Because Cs binds preferentially to clay particles (≤ 4 
µm), Cs concentrations were multiplied with a dilution factor (=100% / clay %) and the 
resulting concentrations were used in the EF calculation. Thus, EFs for Cs provide 
information about the level of excess Cs in the clay portion of the sediment and 
eliminates fluctations due to changes in Cs-poor silt or sand.  The background Cs values 
were calculated by averaging the concentrations from 50 cm to the bottom of the cores.  
EF values <2 suggest the dominance of crustal sources while values >2 indicate 
dominance of anthropogenic sources (Sutherland, 2000; Han et al., 2006). 
 In SLB_1, the Cs EF reached a value of 13 at 5 cm but was only 6 at the surface 
(Figure 14).  Slight enrichment (EF ~ 2) were found even to depths of 35 cm in this core, 
suggesting the possibility that this core has been mixed to a significant depth either by 
physical or biological means.  The diminshed enrichment at the surface (compared to 
between 5 cm and 10 cm) at this site can be explained in several terms. First, if 
61 
 
anthropogenic release of Cs had recently decreased substantially, a reduced amount of Cs 
would have been evident. Second, the recent Cs accumulation would be lower if storm 
deposition had caused sufficient vertical accretion at this site (4 cm - 6 cm verticle 
accretion in Pearl River marsh, MS; McKee and Cherry, 2009), disallowing a regular (at 
least recently) Cs signal. A third term to explain the diminished Cs enrichment could be 
that the surface had a normal Cs signal from the bay, but the 5 cm - 10 cm interval had 
abnormally high enrichment caused by flooding of the onsite landfills of the refinery 
during Hurricane Katrina (MDEQ, 2014). Finally, any combination of the above could 
explain the reduced signal.  Significant enrichment of Cs from 5 cm - 10 cm did coincide 
with the probable event layer deposition (i.e., low POC and high sand %) at this location, 
suggesting that the third possibility was the most likely contributing factor to explain the 
Cs EF maximum.  The other three cores showed significantly lower Cs enrichment values 
in their shallower portions.  The highest EF value in SLB_2 was 4 and was recorded at 
the surface, with similar values extending to 10 cm. Like SLB_1, cores SLB_3 and 
SLB_4 had a similar peak in Cs EF at approximately 5 cm, with a decrease at the surface.  
The depth interval with the highest EF values in all four cores matched with the most 
recent event layer, suggesting that the highest level of Cs enrichment was caused by the 
Hurricane Katrina storm surge.  Event layers preserved at greater depths (e.g. hurricane 
Camille, 1969) did not influence the Cs profiles because the point source of Cs (refinery) 
began operation in 1979.  
 Cesium has low mobility in soil (Cook et al., 2007), and previous research has 
shown that radioactive 137Cs is not remobilized by redox processes (Cundy and Croudace 
1995; Thomson et al., 2002).  To help verify that the SLB Cs enrichments are not derived 
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from early-diagenetic remobilization, the Cs enrichment profiles were compared to the 
vertical profiles of Fe and Mn (Figure 16).  Peaks in the Cs profiles did not match peaks 
in Fe or Mn in any of the cores. Thus, the Cs profiles appeared to be controlled by 
pollution input and/or abrupt sediment accumulation caused by storm surges in this area. 
Sedimentation Rates and Geochronology from 210Pbxs , stable Cs and 137Cs 
 The SLB_1 core had the highest degree of physical disturbance of these cores and 
showed the highest average sediment MAR and variance (0.48 g cm-2 yr-1 ± 0.46 g cm-2 
yr-1). These characteristics were most likely related to the relatively exposed location of 
SLB_1, resulting in maximum impacts from storm surge, followed by rapid 
sedimentation.  The upper 12 cm of this core had MAR values which are nearly twice 
that at 13 cm. This again indicated that SLB_1 accumulated sediment from high energy 
events during the last decade.  The most recent major hurricane passing through this area 
was Hurricane Katrina in 2005.  The SLB_2 core had the second highest average MAR 
(0.28 g cm-2 yr-1 ± 0.18 g cm-2 yr-1) with some depth intervals having MAR values  ~2-4 
times higher than the average MAR of the core (e.g. 5 cm, 30 cm and 31 cm).  The MAR 
values of the other two cores (SLB_3, SLB_4) are less than half that of SLB_1 (Table 3). 
The average sedimentation rates for SLB_1, SLB_2, SLB_3 and SLB_4  are 0.68 cm yr-1 
± 0.65 cm yr-1 , 0.53 cm yr-1 ± 0.34 cm yr-1 , 0.40 cm yr-1 ± 0.12 cm yr-1 , and 0.42 cm yr-
1 ± 0.13 cm yr-1, respectively.  
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Table 3 
Sediment MAR (Sa, g cm-2 yr-1) in SLB_1, SLB_2, SLB_3 and SLB_4 cores 
  SLB_1 SLB_2 SLB_3 SLB_4 
(Sa) (Sa) (Sa) (Sa) 
Sample interval (cm) g cm-2 yr-1. g cm-2 yr-1. g cm-2 yr-1. g cm-2 yr-1. 
0-1 0.69 0.26 0.30 0.17 
1-2 0.96 0.30 0.27 0.15 
2-3 0.96 0.38 0.28 0.19 
3-4 1.41 0.39 0.33 0.18 
4-5 1.15 0.62 0.29 0.18 
5-6 1.12 0.38 0.27 0.20 
6-7 1.30 0.36 0.24 0.17 
7-8 1.58 0.30 0.23 0.21 
8-9 1.49 0.29 0.22 0.20 
9-10 1.06 0.30 0.22 0.18 
10-11 1.09 0.23 0.17 0.30 
11-12 1.08 0.22 0.21 0.32 
12-13 0.57 0.18 0.21 0.31 
13-14 0.63 0.17 0.27 0.25 
14-15 0.48 0.20 0.21 0.24 
15-16 0.44 0.18 0.18 0.19 
16-17 0.61 0.18 0.22 0.09 
17-18 0.38 0.17 0.27 0.13 
18-19 0.49 0.14 0.23 0.16 
19-20 0.38 0.22 0.18 0.16 
20-21 0.35 0.21 0.12 0.11 
21-22 0.24 0.22 0.31 0.15 
22-23 0.16 0.24 0.18 0.16 
23-24 0.15 0.37 0.16 0.12 
24-25 0.15 0.42 0.20 0.25 
25-26 0.14 0.34 0.19 0.21 
26-27 0.16 0.36 0.17 0.22 
27-28 0.11 0.80 0.17 0.20 
28-29 0.09 0.95 0.16 0.13 
29-30 0.07 0.55 0.17 0.13 
30-31 0.12 0.27 0.18 0.17 
31-32 0.14 0.14 0.17 0.16 
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Table 3 (continued). 
 
32-33 0.19 0.13 0.12 0.28 
33-34 0.23 0.10 0.08 0.29 
34-35 0.11 0.15 0.17 0.22 
35-36 0.23 0.21 0.08 0.14 
36-37 ND 0.15 0.10 0.15 
37-38 0.22 0.15 0.25 
38-39 0.60 0.11 0.11 
39-40 0.09 0.10 0.10 
40-41 0.12 0.11 0.12 
41-42 0.08 0.14 
42-43 0.06 
43-44 0.06 
Mean 0.48 0.28 0.20 0.19 
S.D. 0.46 0.18 0.06 0.06 
Mixed Depth (cm) 3 1 No Mixing No Mixing 
 
 High uncertainties are associated with the MARs. Therefore, sediment chronology 
derived from these cores (using  210Pbex profiles ) also had significant uncertainties. 
Nontheless, it provided a crude approximation of age for each depth interval. From 
sediment chronology, the goal was to identify the depth interval which belonged to the 
Hurricane Katrina layer and also the depth intervals which indicated the beginning of 
operations at the titanium di-oxide refinery  in 1979. From sediment chronology, the 10 
cm depth interval of SLB_1, 6 cm depth interval of SLB_2, 4 cm depth interval of SLB_3 
and 3 cm depth interval of SLB_4 were dated as the 2005 Katrina layer. Average 
sedimentation rates were also taken into account to calculate the approximate depth 
interval for 2005 (Katrina layer). The depth intervals at 8 cm in SLB_1, 6 cm in SLB_2, 
and 5 cm in SLB_3 and SLB_4  corresponded to the Katrina layer. These estimated depth 
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intervals also roughly matched with depth intervals calculated from sediment chronology 
and with depth intervals interpreted from POC, bulk density and sand % profiles. 
 Stable Cs data in the clay portion (Appendix B) of the cores was used to assign 
1979 as the first depth interval where an increase in Cs concentration is greater than three 
times the standard deviation of background Cs level of the core (adapted from Bricker-
Urso et al., 1989). In addition to the above mentioned criteria, the depth intervals have to 
have EF value ≥2, which could confirm the presence of anthropogenic stable Cs. These 
two criteria taken together identified intervals where increases in anthropogenic stable Cs 
were significant.  Based on these two criteria, the 35 cm depth interval of SLB_1, 10 cm 
of SLB_2, and 20 cm of SLB_4 were assigned to the year 1979. No depth interval of 
SLB_3 satisfied both criteria. As these cores were affected by one or more event layers, 
these calculated depth intervals for 1979 should have significant uncertainties associated 
with them. 
 Sediment chronology from 210Pb and stable Cs could be verified by using 137 Cs. 
However, these cores were physically disturbed to different extents by one or more major 
hurricanes. The depth interval with the highest level of 137Cs was assigned to the year 
1963 (Appendix D) . According to this criteria, 42 cm of SLB_1, 23 cm of SLB_2, 28 cm 
of SLB_3 and 13 cm of SLB_4 were assigned as 1963. Thus, the sedimentation rates 
(ΔM, cm yr-1) calculated using 137Cs were 0.89 cm yr-1 for SLB_1, 0.48 cm yr-1 for 
SLB_2, 0.58 cm yr-1 for SLB_3 and 0.27 cm yr-1 for SLB_4. These sedimentation rates 
match satisfactorily with the sedimentation rates (ΔM, cm yr-1) calculated from excess 
210Pb (Appendix E). Depth intervals assigned for hurricane Katrina (2005) calculated 
using 210Pb and 137Cs thus match satisfactorily. However, it is important to note that event 
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layers deposited by major storms in marshes or elsewhere are often more than 1 cm thick 
(Reese et al., 2008; Nyman et al., 1996). Thus, the thickness of an event layer (if more 
than one cm) itself can introduce some degree of uncertainties in the sediment 
chronology calculation. As event layers in SLB marsh sediments are in several cm thick 
in some of the cores (especially in SLB_1), thus it is not surprising that these cores have 
high uncertainties in their chronology calculation. Nonetheless, sedimentation rate 
calculated from 137Cs  (0.27-0.89 cm/yr) match with previously reported sedimentation 
rates (0.22-0.51 cm/yr) in SLB marsh sediments (Febo et al., 2003). Event layers (several 
cm thick) from Hurricane Katrina might have caused the highest (0.89 cm/yr) 
sedimentation rate in SLB_1 (see Febo et al., 2003 for similar effect from Hurricane 
Camille). 
Deposition History of Trace Metals (Cr, Ni, As, V) in marsh sediment 
 Lytle and Lytle (1982) reported pre-refinery baseline levels of contaminants in 
SLB sediments (from inside and just outside of the bay), and Elston et al. (2005) reported 
post-refinery levels.  Elston et al., (2005) found a 55% increase in Cr, a 23% increase in 
Ni, and a 21% increase in As in SLB sediments compared with the baseline study (Lytle 
and Lytle, 1982) and concluded that the TiO2 refinery on the north shore of SLB was 
responsible for these elevated concentrations.  However, Shim (2011) did not find high 
concentration of dissolved Cr in the water column near the outfall, though an addition of 
dissolved Ni was reported. Shim (2011) also noted a presence of anthropogenic V in the 
water column near the outfall of the refinery. Generally, titanium dioxide refineries 
produce titanium dioxide by purifying raw titanium tetrachloride (TiCl4). During this 
process, vanadium salts are removed (http://www.chemlink.com.au/titanium.htm) and 
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may be discharged through outfalls to waterbodies.  Thus, Shim (2011) suspected that the 
titanium-dioxide refinery was the source of high dissolved vanadium concentrations near 
the outfall in SLB. 
 The depositional history of trace elements in the SLB was evaluated using the 
four marsh cores, with special attention on those elements suggested previously to have 
anthropogenic sources in the bay.  The average concentration (± SD) of Cr was 64 µg g-1 
± 17 µg g-1. Ni was measured at 24 µg g-1 ± 7 µg g-1, and As concentration was 11 µg g-1 
± 2 µg g-1. These concentrations were much higher than the post-refinery levels (Cr 16.5, 
Ni 11.5, and As 8.55 µg g-1) reported by Elston et al. (2005), but were not directly 
comparable because a different method was used to extract the metals. Elston et al. 
(2005) extracted bioavailable metals whereas this project focused on exctracting total 
metals.  The average concentration of V at the surface of four cores was 103 µg g-1 ± 33 
µg g-1.  
 When the deposition history of Cr, Ni and V in the four cores was considered 
(Figure 17), it was found that all of the cores except SLB_3 showed an increasing trend 
in the upper 5 cm - 15 cm of the cores (Appendix A).  The background levels of Cr, Ni 
and V in the four cores were calculated by averaging the concentrations from 50 cm (pre-
industrial) to the bottom of the cores (~80 cm).  The background values of our four cores 
ranged between 38 and 53 µg g-1 for Cr, 12 and 20 µg g-1 for Ni, and 65 and 88 µg g-1 for 
V.  These were comparable to the average background levels of Cr, Ni, and V in all U.S. 
soils, which were 54, 19, and 80 µg g-1, respectively, according to Shacklette and 
Boerngen (1984).  The highest concentrations of Cr and V were at the surface of SLB_1 
(80 µg g-1 for Cr, 137 µg g-1 for V) followed by surfaces of SLB_2 (75 µg g-1 for Cr, 135 
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µg g-1 for V) and SLB_4 (60 µg g-1 for Cr, µg g-1 for V).  The highest concentration of Ni 
was found at the surface of SLB_2 (29 µg g-1) followed by SLB_1 (27 µg g-1) and SLB_4 
(25 µg g-1).  The lowest concentrations of Cr, Ni, and V at the surface were recorded in 
the SLB_3 core.  
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Figure 16. Profiles of Fe (mg g-1) and Mn (µg g-1) in SLB_1, SLB_2, SLB_3 and SLB_4 
cores. 
 
 Enrichment factor values were again used to evaluate the degree of contamination 
in these cores (Appendix C).  SLB_1 and SLB_2 showed moderate enrichment (EF value 
= 2 - 5) of Cr, Ni and V in surface sediments and there was no evidence of Cr, Ni and V 
enrichment in SLB_3 and SLB_4, nor at any subsurface depths of the four cores. 
Enrichment factor values of As indicate that there is no enrichment of As at all. 
 Sediment in the SLB is contaminated with Cs, most likely derived from the 
titanium dioxide refinery.  Elston et al. (2005) concluded that elevated concentrations of 
Cr and Ni in SLB sediment had been derived from the outfall of the titanium dioxide 
refinery. Shim (2011) suspected presence of anthropogenic V in SLB water from the 
same source.  Therefore, the source ratio was estimated as the ratio of the dissolved 
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concentration of Cr, Ni and V with Cs in the water column (calculated from Shim, 2011).  
These source ratios, coupled with the sedimentary Cs data (increase in Cs with each 
depth interval) were used to estimate how much of an increase in Cr, Ni, and V should be 
expected in the cores based on how much of an increase in Cs is evident. It was found 
that estimated increases in Cr, Ni and V concentrations were insignificant compared to 
background values (Appendix B). This calculation assumed that the source metals were 
all dissolved initially. Nonetheless, the result was compatible with the EF analysis in this 
project and suggested that the SLB does not have any significant anthropogenic source of 
Cr, Ni and V to the marsh sediments.  
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Figure 17. Profiles of Ni, Cr, and V (µg g-1) in SLB_1, SLB_2, SLB_3 and SLB_4 cores. 
 
 To understand whether early-diagenetic remobilization had any impact on Cr and 
Ni profiles, Fe and Mn profiles were examined (Figure 16).  All four cores showed a 
significant increase in Fe and Mn concentrations at the surface.  This indicated that the 
first 5 cm of SLB_1, SLB_2 and SLB_3 were oxic as was the upper 10 cm of SLB_4.  
Less pronounced peaks in Fe and Mn were found deeper below the redox boundaries. 
Both Fe and Mn peak at 20 cm of SLB_3 and SLB_4, at 25 cm of SLB_2. However, Fe 
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peaked at 30 cm and Mn at 35 cm in for SLB_1.  Enrichment of Fe and Mn at these 
depths might be explained by plant roots transporting oxygen to these depth, followed by 
precipitation of  dissolved Fe and Mn around the root biomass as oxides along with other 
trace metals (Sundby et al., 1998; Thomson et al., 2002).  Deeper in the cores, peaks in 
Fe could possibly be the result of the formation of metal sulfides (Spencer et al., 2003).  
A distinct peak existed in Mn and Fe in SLB_4 at 65 cm. The other three cores had 
broader peaks in Mn and Fe between 60 cm and70 cm.  
 The potential mobility of Fe due to early-diagenetic processes can cause the 
remobilization of trace metals such as Cu, Zn, Cd, and Mn (Caetano et al., 2008; Cundy 
and Croudace, 1995; Spencer et al., 2003), but Cr and Ni are resistant to remobilization to 
some extent once they are in reduced sediment (Caetano et al., 2008; Guo et al., 1997).  
Cr(VI) can be reduced to Cr(III) in reducing zones and can adsorped or coprecipated, or 
can be bound to large and insoluble humic substances (Guo et al., 1997), which may not 
be mobilized easily (Caetano et al., 2008).  Among the four cores, only peaks of Cr, Ni 
and V in SLB_4 matched the Fe and Mn enrichment zones precisely. Additionally, there 
were positive correlations (r2=0.50-0.67) between both Fe and Mn with the trace metals 
(V, Cr, and Ni) in this core. The other three cores (SLB_1, SLB_2 and SLB_3) showed 
very poor correlation among Fe and Mn with trace metals. Of the four cores, only SLB_4 
showed strong remobilization of Fe and Mn. As Cr and Ni are not easily remobilizable, 
only strong Fe-Mn early-diagenetic remobilization in SLB_4 showed a signifcant impact 
on Cr, Ni and V profiles. 
 The Cr and Ni contamination findings here differ significantly from Elston et al., 
(2005) a study which showed significant increases in anthropogenic Cr and Ni since 
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1979. However, it was also shown that these metals (released as soluble metal chloride) 
were transported out of the bay and precipated outside of the bay in higher salinities 
(Elston et al., 2005). Thus, the sediments inside of the bay retained only a fraction of the 
actual amount released in the bay. Being a shallow estuary, the SLB is susceptible to 
frequent sediment resuspension, which can help flush metals out of the bay (see Chapter 
III). Elston et al., (2005) also observed a coarsening in grain size and showed that in 
1985, median grain size was mostly silty-clay (median diameter = 14.1µm) whereas in 
2004, median diameter was 57.0 µm. From the four salt-marsh cores in this project, it 
was also evident that there was an increasing trend in sand percentage in recent years. 
This could explain why these cores didn’t record actual levels of contamination in the 
bay. 
Conclusions 
 Fringing marsh sediments of SLB started accumulating anthropogenic stable Cs 
after the titanium di-oxide refinery began operation in 1979. The four cores from the 
marsh showed a consistent increase in Cs concentration in recent decades. This in turn 
indicated that sediments of SLB are also contaminated with stable Cs.  
 Evidence of preservation of event layers deposited by one or more high energy 
events (such as hurricanes) were observed in four marsh sediment cores. The vertical 
profiles of stable Cs in these cores were controlled by anthropogenic input and affected 
by drastic accumulation of contaminated sediment (event layers) caused by storm surges.  
 Marsh sediment in SLB did not show any evidence for any significant 
anthropogenic source of Cr , Ni and V. However, SLB_1 and SLB_2 showed moderate 
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enrichment of Cr, Ni and V at the surface sediment only. Vertical profiles of Cr, Ni and V 
were modified by early-diagenetic remobilization of Fe and by Mn to a limited extent.  
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APPENDIX A 
TRACE ELEMENT CONCENTRATIONS (µg/g) IN SLB_1, SLB_2, SLB_3 AND 
SLB_4 CORES 
SLB_1 
Depth (cm) Cd Cs Nd Pb V Cr Ni Cu Zn As 
1 0.30 24.28 46.62 32.44 137.1 80.2 27.2 21.8 112 12.06
5 0.24 24.12 57.05 27.12 124.8 72.5 22.5 20.0 86 13.01
10 0.20 17.31 42.67 26.72 114.3 66.5 22.9 18.9 71 11.29
15 0.20 8.73 32.90 28.12 89.7 50.5 17.0 14.2 65 9.51 
20 0.22 6.11 36.47 29.93 97.4 57.2 19.6 15.8 60 7.83 
25 0.23 4.17 31.13 24.86 75.7 45.8 16.7 11.6 63 7.38 
30 0.15 4.43 34.47 26.84 89.8 50.6 16.3 12.5 52 7.15 
35 0.13 6.43 24.73 19.43 81.3 47.6 17.3 13.2 50 6.17 
40 0.12 4.84 25.64 19.28 73.7 44.3 16.8 12.4 45 6.66 
45 0.18 4.44 26.68 20.23 80.1 47.5 18.4 12.2 55 5.30 
50 0.18 3.36 26.61 22.74 74.5 40.3 15.5 11.8 46 7.57 
55 0.18 2.76 27.55 22.09 62.8 35.4 11.9 10.7 36 6.15 
60 0.15 3.22 28.08 19.08 63.8 37.4 13.3 10.6 37 6.65 
65 0.13 3.40 26.69 20.11 67.2 37.8 13.7 9.5 36 6.08 
70 0.11 4.05 30.80 21.63 76.8 46.1 16.4 10.7 43 7.38 
76 0.09 3.87 29.65 21.86 75.1 47.8 17.2 9.2 41 6.96 
SLB_2 
Depth (cm) Cd Cs Nd Pb V Cr Ni Cu Zn As 
1 0.38 24.01 45.75 33.07 135.1 75.5 29.1 20.9 96 11.23
5 0.13 13.98 25.36 16.69 67.6 38.9 13.5 10.7 35 6.39 
10 0.12 11.13 27.15 20.73 64.2 37.1 12.9 10.6 32 7.77 
15 0.16 7.38 27.88 28.41 67.4 36.8 13.5 10.4 40 7.75 
20 0.18 6.52 36.77 34.66 92.9 53.9 18.6 14.7 46 9.53 
25 0.21 4.22 28.73 26.17 72.4 42.3 16.6 11.2 51 7.24 
30 0.55 3.54 26.09 22.46 66.7 36.5 12.6 9.5 35 6.24 
35 0.11 3.15 27.47 20.45 59.5 34.6 11.5 8.6 28 6.18 
40 0.11 4.03 35.00 23.14 79.3 47.8 14.3 11.7 30 7.56 
45 0.08 2.79 28.79 16.05 58.2 32.9 10.1 8.1 24 5.66 
50 0.04 3.03 29.21 17.62 63.1 37.3 11.1 8.0 25 5.55 
55 0.03 3.15 30.21 15.77 65.7 38.9 10.8 8.4 23 5.51 
60 0.04 3.44 30.29 16.44 73.2 43.3 12.7 8.9 30 5.11 
65 0.07 3.19 27.59 15.33 65.3 38.2 14.2 9.3 38 9.87 
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70 0.07 2.75 24.35 12.53 58.3 34.0 12.4 8.0 41 9.95 
76 0.05 2.56 25.92 13.90 56.1 31.7 10.5 9.0 30 6.82 
80 0.08 3.57 29.30 14.66 76.0 44.2 15.0 9.8 43 9.67 
SLB_3 
Depth (cm) Cd Cs Nd Pb V Cr Ni Cu Zn As 
1 0.13 9.38 29.55 21.62 68.7 41.4 13.7 15.2 58 7.86 
5 0.19 12.63 36.94 25.57 90.1 55.0 20.6 17.4 77 9.55 
10 0.12 9.68 30.61 22.13 65.8 40.0 14.0 14.4 48 9.11 
15 0.14 8.22 27.49 26.62 73.1 42.9 15.1 10.3 44 7.21 
20 0.14 6.96 27.78 28.10 78.4 45.4 15.7 11.0 47 8.92 
25 0.13 4.97 30.71 25.63 73.4 44.6 15.4 10.7 44 6.60 
30 0.16 4.52 32.54 26.49 76.0 44.6 15.8 10.8 52 6.26 
35 0.14 4.34 34.32 25.75 80.8 47.6 16.4 11.5 53 7.32 
40 0.12 3.83 30.01 21.22 73.2 43.0 14.4 9.8 43 6.09 
45 0.13 3.70 30.31 20.49 70.5 41.1 14.0 9.0 46 7.28 
50 0.08 3.84 28.94 17.55 74.5 43.2 13.1 8.8 40 7.17 
55 0.08 3.85 30.01 18.29 73.8 43.1 13.4 9.3 41 6.82 
60 0.09 5.93 41.49 24.32 116.9 66.8 19.2 10.5 49 9.25 
65 0.07 4.95 31.20 16.41 89.5 54.2 16.1 5.8 43 5.07 
70 0.07 4.41 31.06 16.35 82.6 47.9 13.8 6.4 32 5.44 
76 0.05 4.33 30.13 17.07 84.8 47.9 15.9 6.2 32 8.28 
80 0.06 4.81 35.35 17.43 91.9 53.1 16.6 6.7 42 6.83 
SLB_4 
Depth (cm) Cd Cs Nd Pb V Cr Ni Cu Zn As 
1 0.20 18.07 33.19 26.19 96.6 54.6 25.9 16.6 77 11.58
5 0.22 11.32 37.49 23.84 81.9 46.8 17.8 13.9 59 7.64 
10 0.13 7.80 22.24 19.81 66.1 38.5 14.4 11.1 51 7.10 
15 0.18 6.04 21.83 18.19 53.8 29.7 14.8 10.9 57 5.90 
20 0.14 7.58 30.34 25.05 86.9 49.4 20.3 13.8 62 8.23 
25 0.05 4.11 21.77 15.62 56.3 38.5 11.9 8.3 29 4.03 
30 0.13 3.47 22.90 17.44 58.3 33.6 13.5 8.7 35 4.72 
35 0.09 2.88 21.52 14.00 50.9 30.1 11.6 7.7 31 4.85 
40 0.05 3.30 18.60 13.14 59.6 35.4 12.4 8.0 32 4.56 
45 0.12 3.31 26.77 16.27 65.8 37.8 14.7 9.9 44 5.92 
50 0.15 3.97 26.14 17.89 76.6 44.3 17.9 10.1 48 6.26 
55 0.06 3.72 28.96 17.33 78.1 43.7 15.8 14.8 47 4.99 
60 0.10 3.61 29.01 16.25 72.0 42.2 16.6 10.6 47 6.05 
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65 0.11 4.99 38.83 22.43 103.7 58.1 23.2 14.1 68 9.43 
70 0.11 3.78 32.64 18.41 72.2 42.7 17.5 11.0 53 8.66 
76 0.14 4.38 34.16 19.10 92.1 54.3 20.9 14.4 64 7.35 
80 0.11 4.18 32.51 17.70 82.7 47.6 19.3 12.3 57 7.36 
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APPENDIX B 
ESTIMATION OF METAL CONCENTRATIONS INCREASE BASED ON Cs 
INREASE AND SOURCE RATIOS. METAL CONCENTRATIONS IN WATER 
WERE TAKEN FROM Shim (2011). THESE CONCENTRATIONS ARE FROM 
SAMPLES TAKEN IN JUNE 2008 AND AMONG THE HIGHEST FOUND IN SLB 
WATERS (Shim, 2011). 
 
Metals in water close to refinery (nM) 
  
Cs Cr Ni V   
147.8 2.7 19.9 38.9 
 
     
  
          
Source ratios 
  
Cr/Cs Ni/Cs V/Cs     
0.018 0.135 0.263 
  
          
Metals in sediment core SLB_4 (nM) 
Depth (cm) 
Cs V Cr Ni   
1 135963 726631 411158 194858 
5 85156 616320 351910 133667 
10 58654 497279 289950 108525 
15 45455 404857 223321 111132 
20 57048 653812 371644 152881 
25 30926 423339 289973 89476 
30 26118 438523 253000 101323 
35 21646 383071 226736 87641 
40 24852 448576 266132 93344 
45 24940 495415 284477 110418 
50 29846 576611 333122 134436 
55 27994 587358 328675 119167 
60 27153 542071 317282 124796 
65 37573 780098 437086 174455 
70 28422 543405 320918 131690 
76 32974 692688 408868 157443 
80 31458 622307 358071 145203 
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Background 30774 620648 357717 141027   
                                         Increase in metals (nM) based on source ratios 
Depth (cm) Cs increment V Cr  Ni    
1 105189 27685 1922 26236 
5 54382 14313 993 17997 
10 27880 7338 509 14612 
15 14681 3864 268 14963 
20 26274 6915 480 20584 
25 151 40 3 12047 
30 -4657 -1226 -85 13642 
35 -9128 -2402 -167 11800 
40 -5922 -1559 -108 12568 
45 -5835 -1536 -107 14867 
50 -928 -244 -17 18101 
55 -2781 -732 -51 16045 
60 -3621 -953 -66 16803 
65 6798 1789 124 23489 
70 -2352 -619 -43 17731 
76 2200 579 40 21198 
80 684 180 12 19550 
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APPENDIX C 
ENRICHMENT FACTOR (EF) VALUES FOR Cs, V, Cr AND Ni IN SLB_1, SLB_2, 
SLB_3 AND SLB_4 CORES. 
SLB_1 SLB_2 
Depth (cm) Cs V Cr Ni Cs V Cr Ni 
1 5.8 1.6 1.6 1.5 3.9 1.0 1.0 1.2 
5 13.4 3.4 3.4 2.9 3.8 0.9 0.9 0.9 
10 10.1 3.3 3.3 3.1 3.9 1.1 1.1 1.1 
15 2.4 1.2 1.2 1.1 1.9 0.8 0.8 0.9 
20 1.6 1.2 1.2 1.2 1.6 1.1 1.1 1.2 
25 1.8 1.6 1.6 1.7 0.8 0.7 0.7 0.8 
30 1.9 1.9 1.8 1.6 1.0 0.9 0.9 0.9 
35 2.5 1.5 1.5 1.6 0.9 0.8 0.8 0.8 
40 1.1 0.8 0.8 0.9 0.8 0.7 0.7 0.7 
45 1.9 1.7 1.7 1.8 1.1 1.1 1.0 1.0 
50 0.7 0.8 0.7 0.8 1.2 1.2 1.2 1.1 
55 1.2 1.3 1.3 1.2 1.1 1.1 1.1 0.9 
60 1.2 1.1 1.1 1.1 1.4 1.4 1.4 1.3 
65 0.6 0.6 0.5 0.5 0.8 0.7 0.7 0.9 
70 1.4 1.3 1.4 1.4 0.7 0.7 0.7 0.8 
76 0.9 0.9 1.0 1.0 0.9 1.0 0.9 1.0 
80 1.0 1.0 1.0 1.1 
SLB_3 SLB_4 
Depth (cm) Cs V Cr Ni Cs V Cr Ni 
1 1.4 0.5 0.5 0.6 2.3 0.6 0.6 0.7 
5 2.1 0.8 0.8 1.0 3.2 1.1 1.1 1.1 
10 1.5 0.6 0.6 0.7 0.3 0.1 0.1 0.1 
15 1.5 0.7 0.7 0.8 1.6 0.7 0.7 0.8 
20 1.3 0.8 0.8 0.9 2.1 1.2 1.2 1.2 
25 1.0 0.8 0.8 0.9 1.0 0.7 0.8 0.6 
30 0.7 0.7 0.7 0.8 0.7 0.6 0.6 0.6 
35 0.9 0.9 0.9 1.0 0.7 0.6 0.6 0.6 
40 0.6 0.6 0.7 0.7 0.7 0.6 0.6 0.5 
45 0.8 0.8 0.8 0.9 0.8 0.8 0.8 0.8 
50 0.8 0.8 0.8 0.8 1.0 1.0 1.0 1.0 
55 0.8 0.8 0.8 0.8 0.8 0.9 0.8 0.8 
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Appendix C (continued). 
 
60 1.3 1.3 1.3 1.2 0.8 0.8 0.8 0.8 
65 1.0 0.9 1.0 0.9 1.3 1.4 1.3 1.3 
70 1.1 1.1 1.1 1.1 0.9 0.9 0.9 0.9 
76 0.8 0.8 0.8 0.9 0.9 0.9 0.9 0.9 
80 1.2 1.2 1.2 1.3 1.3 1.2 1.2 1.3 
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APPENDIX D 
PROFILES OF 137Cs (Bq/Kg) IN SLB_1, SLB_2, SLB_3 AND SLB_4 CORES. 
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APPENDIX E 
SEDIMENTATION RATE (ΔM, g cm-2) FOR SLB_1, SLB_2, SLB_3 and SLB_4 
CALCULATED FROM EXCESS 210Pb  
 SLB_1 SLB_2 SLB_3 SLB_4 
ΔM ΔM ΔM ΔM 
Depth interval (cm) (g cm-2) (g cm-2) (g cm-2) (g cm-2) 
0-1 0.69 0.48 0.56 0.38 
1-2 0.79 0.52 0.64 0.38 
2-3 0.86 0.55 0.61 0.36 
3-4 0.84 0.56 0.59 0.38 
4-5 0.77 0.52 0.59 0.38 
5-6 0.72 0.51 0.55 0.38 
6-7 0.73 0.50 0.53 0.38 
7-8 0.82 0.52 0.50 0.38 
8-9 0.79 0.52 0.46 0.38 
9-10 0.87 0.54 0.42 0.45 
10-11 0.89 0.53 0.43 0.42 
11-12 0.87 0.53 0.43 0.41 
12-13 0.78 0.52 0.43 0.37 
13-14 0.67 0.53 0.42 0.29 
14-15 0.74 0.53 0.40 0.27 
15-16 0.78 0.51 0.38 0.29 
16-17 0.70 0.50 0.38 0.33 
17-18 0.81 0.52 0.37 0.36 
18-19 0.82 0.54 0.36 0.37 
19-20 0.83 0.52 0.37 0.37 
20-21 0.77 0.55 0.37 0.39 
21-22 0.66 0.53 0.39 0.40 
22-23 0.63 0.53 0.42 0.40 
23-24 0.66 0.54 0.44 0.42 
24-25 0.62 0.57 0.45 0.41 
25-26 0.57 0.57 0.47 0.42 
26-27 0.52 0.56 0.47 0.43 
27-28 0.44 0.57 0.44 0.43 
28-29 0.39 0.57 0.46 0.42 
29-30 0.42 0.56 0.46 0.42 
30-31 0.39 0.55 0.47 0.44 
31-32 0.46 0.58 0.47 0.44 
32-33 0.50 0.59 0.47 0.46 
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Appendix E (continued). 
 
33-34 0.57 0.59 0.50 0.47 
34-35 0.52 0.60 0.53 0.48 
35-36 0.49 0.61 0.52 0.49 
36-37 0.48 0.58 0.51 0.48 
37-38 0.49 0.60 0.50 0.47 
38-39 0.47 0.60 0.50 0.46 
39-40 0.46 0.62 0.50 0.46 
40-41 0.46 0.58 0.47 0.47 
41-42 0.40 0.67 0.46 
42-43 0.39 0.70 0.44 
43-44 0.38 0.43 
44-45 0.36 0.43 
45-46 0.44 
46-47 0.45 
47-48 0.44 
Average 0.63 0.55 0.46 0.41 
Std. Deviation 0.17 0.04 0.06 0.05 
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CHAPTER III 
TRACE ELEMENT BEHAVIOR IN A SHALLOW, SUBTROPICAL ESTUARY (ST. 
LOUIS BAY, MS): IMPACT OF SEDIMENT RESUSPENSION 
Introduction 
 After entering an estuary, the transport and fate of trace elements depends on a 
variety of competing processes in the water and sediments, including flocculation / 
aggregation, binding with organic ligands, and interaction with resuspended bottom 
sediments (Wen et al., 1999a). In recent decades, trace element behavior in estuaries has 
been extensively studied in order to understand their removal or addition fluxes due to the 
above mentioned processes (Audry et al., 2007; 2006; Dai and Martin, 1995; Hatje et al., 
2003; Kraepiel et al., 1997; Monbet, 2006; Martino et al., 2002; Sanudo-Wilhelmy et al., 
1996; Shiller and Boyle, 1991; Zhou et al., 2003; Zwolsman et al., 1997). It is now well 
established from both laboratory and field studies that the biological uptake of trace 
elements, their adsorption onto suspended particulate matter (SPM) or onto bottom 
sediments play crucial roles in determining their removal fluxes and thus their dissolved 
concentrations in estuaries (Jannasch et al., 1988). On the other hand, diffusive fluxes 
from bottom sediment, desorption from SPM by ion exchange, erosion of pore water, and 
anthropogenic inputs are prime processes for the addition of trace metals to estuaries 
(Audry et al., 2007; Kalnejais et al., 2007, 2010; Cantwell et al., 2002; Saulnier and 
Mucci, 2000).  
 In shallow estuaries (or any other shallow water bodies with depth <12 m), 
bottom sediment frequently interacts with overlying waters and exchanges particles and 
solutes (Kalnejais et al., 2007; 2010; Hatje et al., 2003; Precht and Huettel, 2004). For 
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such shallow water bodies, wind-induced physical processes (e.g., circulation, surface 
gravity waves) can be dominant forcing mechanisms (Booth et al., 2000; Solis and 
Powell, 1999) which drive frequent resuspension of bottom sediments. Natural sediment 
resuspension has proven to be an important process in transporting sediment (Wright et 
al., 1992; You, 2005), sediment-associated organic pollutants, nutrients, and particulate 
organic matter (Corbett, 2010; Dapeng et al., 2011; Feng et al., 2007; Morin and Morse, 
1999; Pusceddu et al., 2005; Yang et al., 2008). For example, Corbett (2010) showed that 
in the Neuse River estuary, NC, the advective flux of NH4+ from the sediments (due to 
resuspension) was 2-6 times higher than its diffusive flux, and the phosphate flux due to 
resuspension was 15 times higher than the diffusive flux. Kalnejais et al. (2007; 2010) 
and Audry et al. (2007) showed that particulate and dissolved trace element fluxes from 
sediment resuspension are significant when compared with fluvial inputs. For example, 
based on their laboratory experiments, Kalnejais et al. (2007) estimated that the 
particulate metal flux from resuspension can exceed the riverine flux of particulate metals 
in Boston Harbor, MA (average depth 4.9 m). Audry et al. (2007) showed that fluxes of 
dissolved molybdenum (Mo) and uranium (U) due to natural resuspension are 5.5% and 
0.5% of the fluvial input in the Gironde estuary, France (average depth 7 m).   
 St. Louis Bay (SLB), M.S. is a subtropical, shallow (average depth 1.5 m) micro-
tidal estuary with a history of metal contamination (Lytle and Lytle, 1982; Elston et al., 
2005). Two small rivers, the Jourdan and the Wolf, do not have enough force to flush 
sediment out of the bay except during high discharge, flood situations (Cobb and Blain, 
2002). As a result, contaminants in sediment can accumulate and reach very high 
concentrations inside SLB. But Elston et al. (2005) showed that metal concentrations in 
98 
 
shellfish collected from just outside of the bay were higher than the metal concentrations 
in shellfish collected from inside. It is not well understood what processes are causing the 
metals to be transported out of the bay and to accumulate in sediments at high salinities. 
Therefore, we suspect that in SLB, bottom sediment erosion/resuspension events can 
cause higher particulate, colloidal and dissolved phase trace element concentrations in the 
water column, as compared to periods without significant erosion/resuspension. As 
sediment resuspension events are very frequent (up to 80% of the time) in shallow 
estuaries (like Barataria Bay, Louisiana; Booth et al., 2000), we  hypothesized here that 
resuspension of surface sediments, followed by rapid uptake of particle reactive metals 
(e.g., Fe, Mn and Cr) by particulate matter is a major process for metal transport in St. 
Louis Bay. On the other hand, for V, Cu and Ni, desorption from resuspended materials, 
oxidation of reduced sediment during resuspension, and addition of pore water are 
processes which control the concentrations, transport and fate of dissolved and colloidal 
forms of these trace elements. 
 Shallow estuaries (or coastal seas) are dynamic in terms of physical mixing and 
sediment resuspension. Thus, our goal was to study trace metal distributions in a shallow 
estuary, and investigate the variation in trace metal distribution due to fluctuations in 
river discharges and wind speeds (extent of sediment resuspension). 
Methods 
Study area 
 St. Louis Bay, M.S. in the northern Gulf of Mexico (Figure 18) is a small (39 
km2), shallow (average depth 1.5 m), subtropical, micro-tidal estuary. It is a well-mixed 
estuary (Cai et al., 2012) fed by two small rivers, the Jourdan and the Wolf. Based on the 
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basin size and historic discharge data, the Wolf River is the prime source of fresh water. 
Freshwater residence time for SLB was estimated by Sawant (2009) and ranges between 
0.3-32.7 days, with an average time of 4.1 days. The SLB watershed is ~2,072 km2, and 
is fairly undeveloped with only 2% urban area (MDEQ, 2007). Several bayous also enter 
the bay, with Bayou Portage along the southeast side being the largest. The major point 
source (for metals) is an outfall from the DuPont Delisle titanium dioxide refinery along 
the north shore of the bay (Elston et al., 2005). The other possible sources includes 
sewage treatment outfalls from Hancock County, Harrison County and the Diamondhead, 
MS community (MDEQ, 2007). However, Elston et al. (2005) concluded that DuPont is 
the main source of metals in the bay. Leaking septic tanks, recreational activities 
(boating, swimming) and agricultural activities are among the non-point sources to the 
bay.  
Trace Metal Sampling  
 The SLB (Figure 18) is a physically dynamic estuary, with large variation in river 
discharge and wind speed throughout the year. During our sampling period from 2010 to 
2012, Wolf River discharge varied from 1 m3 s-1 in May, 2011 to 182 m3 s-1 in October, 
2012 (Table 4). River discharge values for Jourdan River are not available after 2005 and 
the Wolf River River is the primary source of fresh water to the bay. Thus, all river 
discharge data reported here are only for the Wolf River. As the water chemistry of these 
two rivers is similar (Cai et al., 2012), comparing the trace metal data with the Wolf 
River discharge alone can fulfil the purpose of this paper. 
 
 
100 
 
Table 4 
River discharge, wind speed, and tidal situation during sampling periods 
      Discharge (m3 s-1) Wind speed (m s-1) Tide  
9/1/2010     11 3.7 High and outgoing tide 
1/1/2011 5 3.2 Outgoing and low tide 
6/1/2011 1 3.4 Incoming and high tide 
9/1/2011 79 ND Incoming and high tide 
1/1/2012 3 5.4 Outgoing and low tide 
10/1/2012 182 4.8 Outgoing tide 
10/2/2012 106 3.2 Incoming tide 
1/29/2013 10 5.2 Outgoing  and low tide 
 
  However, 30 years of mean discharge data (USGS, 2013) for the Wolf River 
shows that winter and early spring months (January-March, ~22-28 m3 s-1) typically have 
higher river discharge, and that summer (June-August) and fall (especially October) have 
lower river discharge (~6-17 m3 s-1).  
 Water and SPM samples were collected from a total of 15 stations in SLB (Figure 
18). 
 
Figure 18. Location of SLB in northern Gulf Of Mexico (inset). Location of fourteen 
water sampling stations in SLB.   
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Water samples were collected during a range of seasons, river discharges, and 
wind speed conditions. For example, September 2010 had below average river discharge, 
whereas September 2011 had higher than average river discharge with comparable wind 
speed. On the other hand, January 2011 had low wind speed (3 m/s and observed no 
sediment resuspension), whereas January 2012 had high wind speed (10 m/s and 
observed sediment resuspension) with comparable river discharge (Table 1). The wind 
speeds are reported here as the average of wind speed recorded during sampling. It is also 
necessary to mention here that sediment resuspension (based on SPM measurements) was 
observed in SLB when wind speeds were exceeding 4 m/s. Two time-series samplings 
were also conducted. The first occurred in January, 2012 when we collected samples (3 
times) at one station (Station 7) over a 5-hour time period of increasing wind speed. The 
second time series occurred over a 24-hour period (Oct. 1-2, 2012) when wind speed was 
initially high and decreased significantly during the sampling period. During this time 
series samples were collected (3 times) on a north-south transect through the bay. In other 
words, samples were collected from station 1 through station 5 (Figure 18). Sampling 
started on the morning of October 1, 2012, continued in the afternoon of the same day 
and ended sampling on the morning of the next day (October 2, 2012).  
Surface water samples were collected using the procedure described in Shiller 
(1997). In summary, acid-cleaned polyethylene bottles attached to an acrylic holder fixed 
to the end of a nonmetallic pole were used to collect surface water samples. Samples 
were transported back to the lab on ice and in the dark and were processed within 12 
hours of collection. In the laboratory, water samples were filtered through 0.45 µm and 
0.02 µm filters to collect sub-samples for total dissolved (< 0.45 µm) and truly dissolved 
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(< 0.02 µm) trace elements (Mo, Fe, Mn, Cr, V, Ni, Cu). The concentrations of colloidal 
trace elements were estimated by subtracting the < 0.02 µm concentrations from the < 
0.45 µm concentrations. Both sub-samples were collected in acid-cleaned, 15 ml 
polyethylene bottles. In the results and discussion section, references to the dissolved 
fraction represent the truly dissolved fraction.  
A mixing experiment using two endmembers (Jourdan River water and 
Mississippi Sound water) was also performed in September 2011. Because the Jourdan 
and Wolf Rivers run through similar watersheds, it was assumed that the chemical 
makeup of these two rivers was nearly the same (MDEQ, 2007; Cai et al., 2012). In this 
experiment, Jourdan River waters (salinity zero) and Mississippi Sound waters (salinity 
14.5) were mixed in pre-determined portions to create 10 samples with intermediate 
salinities (between 0 and 14.5). 
Analysis 
Trace element analysis of water samples 
 After water samples were filtered in the laboratory, they were acidified to pH < 2 
using 70 µL of 6 M ultrapure HCl (Seastar Baseline). Samples were stored at room 
temperature until analysis. Samples were prepared for analysis by high resolution 
inductively coupled plasma mass spectrometry (HR-ICP-MS; Thermo Fisher Element 2) 
using either a simple dilution method or a magnesium hydroxide co-precipitation method. 
Both methods are described in Shim et al. (2012) and rely on isotope dilution for 
calibration of most elements. Concentrations of mono-isotopic elements, and elements for 
which no enriched isotopic spike was available, were determined using both other 
element isotopic spikes as internal standards, as well as external standards made in 
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seawater. Reference water (NASS-5; NRC-Canada) was analyzed twice during each 
analytical run to check recovery (Table 5). The percentage recovery of Mo ranged from 
91% to 103% for all analytical run except during January, 2013 when recovery was 77%. 
Table 5 
Recovery % of trace elements based on NASS-5 (run twice with each run) recovery 
    Fe  Mn Cr V Ni Cu 
September, 2010 Certified 3.71 16.70 2.12 23.56 4.31 4.67 
NASS 5-1 3.42 16.56 2.09 26.45 4.73 5.22 
NASS 5-2 3.44 16.90 2.16 25.83 4.09 5.27 
Recovery 92% 100% 100% 111% 102% 112%
January, 2011 Certified 3.71 16.70 2.12 23.56 4.31 4.67 
NASS 5-1 3.45 15.87 2.21 24.44 8.33 5.06 
NASS 5-2 2.57 17.59 2.15 27.25 8.08 5.04 
Recovery 81% 100% 103% 110% 190% 108%
June, 2011 Certified 3.71 16.70 2.12 23.56 4.31 4.67 
NASS 5-1 1.62 17.59 1.88 26.69 6.18 5.11 
NASS 5-2 4.40 20.08 1.95 28.47 6.32 4.66 
Recovery 81% 113% 90% 117% 145% 105%
September, 2011 Certified 3.71 16.70 2.12 23.56 4.31 4.67 
NASS 5-1 3.30 17.28 2.09 25.92 14.96 4.24 
NASS 5-2 ND 16.18 2.20 25.58 0.04 2.92 
Recovery 89% 100% 101% 109% 174% 77% 
January, 2012 Certified 3.71 16.70 2.12 23.56 4.31 4.67 
NASS 5-1 2.87 19.28 2.21 25.29 9.0 5.09 
NASS 5-2 3.50 18.75 2.22 25.34 8.6 4.55 
Recovery 86% 114% 105% 107% 204% 103%
January, 2013  Certified 3.71 16.70 2.12 23.56 4.31 4.67 
October, 2012 NASS 5-1 3.11 14.91 1.35 20.99 4.83 5.76 
NASS 5-2 3.24 13.92 3.82 20.11 4.17 4.68 
Recovery 85% 86% 122% 87% 104% 112%
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Table 5 (continued). 
 
Mixing Experiment Certified 3.71 16.70 2.12 23.56 4.31 4.67 
NASS 5-1 2.45 17.92 2.20 19.64 10.6 5.09 
NASS 5-2 4.76 16.88 2.11 21.75 10.8 4.55 
  Recovery 97% 104% 102% 88% 247% 103%
 
SPM and leachable trace elements  
 Suspended particulate matter (SPM) were collected by filtering 100-300 ml of 
water samples through 0.4 µm pre-weighed Millipore Isopore membrane filters 
(polycarbonate, pore size 0.4 μm). Filters were then kept in desiccators until they reached 
constant dry weights. SPM concentrations (mg/L) were calculated from pre-filter and 
post-filter (dry) weights.  
 Dry filters were then leached with 1 N HCl for 24 h and the solutes were then 
filtered through acid-cleaned 0.4 µm polycarbonate filters. Metals were then measured by 
HR-ICPMS using external standards for calibration.  
Results 
Molybdenum 
 The behavior of Mo in estuaries has been well characterized and it generally 
shows conservative mixing (Shiller and Boyle, 1991; Shiller, 1993b; Shim et al., 2012). 
In SLB, Mo also shows conservative mixing throughout the year. Conservative mixing in 
SLB can also be confirmed when field data are compared with those from the mixing 
experiment (Figure 19).  
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Figure 19. Behavior of total dissolved Mo (nM) in different sampling periods in SLB and 
also during the mixing experiment (with the Jourdan River and Mississippi Sound 
waters). 
 
Iron, Manganese, and Chromium  
In order to understand the role of sediment resuspension on the distribution and 
speciation of trace elements in SLB, the average concentrations (stations inside the bay) 
of trace elements from several sampling periods (with emphasis on resuspension vs non-
resuspension events) are reported here (Table 6).  
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Table 6 
Trace element concentrations (nM) in different (total, truly and colloidal) dissolved 
pools, colloidal %, leachable (with 1 M HCl) trace element concentrations (µM g-1) in 
dry SPM, and SPM concentrations (mg L-1) during sampling periods in SLB 
 
Total 
dissolved 
Truly 
dissolved  
Colloi
dal 
% 
Colloidal 
Leachable with 
1M HCl SPM 
Fe (nM) (nM) (nM)   (µM g-1) 
(mg 
L-1) 
9/10 3180 935 2245 72 235 18 
1/11 51 ND ND ND 152 8 
6/11 112 25 88 78 122 22 
9/11 3816 1657 2159 59 188 14 
1/12 23 7 19 74 282 73 
10/1/
12 1304 237 1067 81 ND 41 
10/2/
12 6622 2203 4419 71 ND 17 
1/13 1000 ND ND ND ND ND 
Mn 
9/10 656 608 48 10 835 18 
1/11 706 ND ND ND 706 8 
6/11 5 2 3 65 654 22 
9/11 3041 2870 172 5 504 14 
1/12 57 55 3 11 3664 73 
10/1/
12 108 86 21 25 ND 41 
10/2/
12 675 610 66 11 ND 17 
1/13 594 ND ND ND ND ND 
Cr 
9/10 4.8 3.2 1.5 26.5 172 18 
1/11 1.4 ND ND ND ND 8 
6/11 0.9 0.7 0.2 23.8 45 22 
9/11 5.4 4.9 0.6 11.7 289 14 
1/12 1.3 0.9 0.4 30.4 230 73 
10/1/
12 2.4 1.8 0.6 24.2 ND 41 
10/2/
12 4.8 2.8 2.0 42.5 ND 17 
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Table 6 (continued). 
 
1/13 1.7 ND ND ND ND ND 
V 
9/10 22.9 19.2 4.1 15.9 552 18 
1/11 7.7 ND ND ND 720 8 
6/11 43.1 40.9 2.7 6.0 325 22 
9/11 22.6 21.0 2.3 9.9 587 14 
1/12 14.1 14.0 1.1 7.9 647 73 
10/1/
12 31.1 27.3 3.8 12.0 ND 41 
10/2/
12 27.3 20.9 6.4 23.0 ND 17 
1/13 12.9 ND ND ND ND ND 
Ni 
9/10 25.4 15.4 10.0 30.5 112 18 
1/11 17.8 ND ND ND 36 8 
6/11 14.1 13.6 0.9 6.0 100 22 
9/11 48.8 26.0 22.8 43.1 207 14 
1/12 25.5 19.1 6.4 21.0 198 73 
10/1/
12 37.6 25.5 14.2 28.5 ND 41 
10/2/
12 75.5 29.6 45.9 60.9 ND 17 
1/13 ND ND ND ND ND ND 
Cu 
9/10 16.5 14.8 1.8 10.3 140 18 
1/11 8.1 ND ND ND 53 8 
6/11 16.9 ND ND ND 104 22 
9/11 14.4 12.9 2.4 15.6 196 14 
1/12 9.0 7.8 1.2 12.7 238 73 
10/1/
12 16.3 14.8 1.5 9.4 ND 41 
10/2/
12 17.9 16.4 1.5 8.3 ND 17 
1/13 ND ND ND ND ND ND 
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In SLB, average total dissolved Fe concentrations varied widely during our 
sampling periods, and ranged between 23-6,622 nM. The highest concentration of 
dissolved Fe (Table 6) was found on October 2, 2012 when river discharge was also high 
(106 m3/s). The lowest dissolved Fe concentrations were found in January 2011 and 
2012, when river discharges were low (< 5 m3/s). These observations indicate that even 
with strong removal (typical in estuaries, Sholkovitz and Copeland, 1981) of total 
dissolved Fe in the estuarine mixing zone (Figure 20), average total dissolved Fe 
concentrations in the surface waters of SLB largely depend on river discharge. The 
average salinity inside the bay also varied widely from 1.6 ppt on October 1, 2012 to 20 
ppt in January 2011 (Appendix B). 
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Figure 20. Total dissolved Fe (nM) behavior along the salinity gradient during different 
sampling periods and also during the mixing experiment. 
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However, two discrepancies in these data were observed. During time series 
sampling in October 2012, when river discharge was high (182 m3/s; October 1), the total 
dissolved Fe concentration was significantly lower (1300 nM vs. 6,600 nM) than the next 
day (October 2), when river discharge was lower (106 m3/s). Similarly, January 2012 had 
lower total dissolved Fe (23 nM vs. 51 nM) than January 2011, even though both had 
comparable (3 and 5 m3/s respectively) discharges (Table 4). It is also noticeable that 
samples from January 2012 had relatively very high leachable Fe (282 µM/g-dry), 
compared to January 2011 (152 µM/g-dry). Low concentrations of total dissolved Fe 
during June 2011 was due to large Mississippi River flooding. 
The colloidal Fe concentrations generally followed dissolved Fe concentrations in 
SLB. The percentages of total Fe comprised of colloidal Fe ranged from 60%-70% 
throughout the year, except on October 1, 2012 when colloidal Fe was 81%.  
Average total dissolved Mn concentrations (Table 6) in SLB also varied widely 
from 5.0-3,000 nM. The highest total dissolved Mn concentrations (Figure 21) were 
found during high river discharge (79 m3/s) in September 2011, just 2 days after Tropical 
Storm Lee passed through the area.  
 Low concentrations of Mn were also evident during low river discharge in 
January 2012 and June 2011. However, January 2011 (weak wind speed) had much 
higher total dissolved Mn than January 2012 (strong wind speed), even though both 
months had comparable river discharge. On the other hand, January, 2012 had ~4 fold 
higher particulate Mn concentrations (leachable with 1 M HCl) than January 2011. The 
major difference between the January 2011 and 2012 sampling periods was the wind 
speed (Table 4). Similarly, October 2, 2012 (weak wind speed) had a much higher 
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dissolved Mn concentration (675 nM) than October 1, 2012 (107 nM), even though 
October 1 (strong wind speed) had significantly higher river discharge than the next day 
(October 2). However, the percentage of colloidal Mn was much higher during October, 
2012 (25%) than October 2, 2012 (11%). In summary, we observed lower dissolved and 
higher particulate and colloidal Mn during high wind speed events compare to non-
resuspension events. 
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Figure 21. Total dissolved Mn (nM) behavior along the salinity gradient during different 
sampling periods and also during the mixing experiment. 
 
Average total dissolved Cr concentrations range between 0.8-5.4 nM (Table 6), 
with the highest concentration in September, 2011 (river discharge = 79 m3/s), and the 
lowest in June, 2011 (river discharge = 1 m3/s). Exceptions were observed during the 
time series sampling on October 1 and 2, 2012. Data from 1 and 2 October, 2012 showed 
low average total dissolved Cr concentrations even with the highest river discharge (182 
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m3/s and 106 m3/s) compared to river discharge in September, 2011 (79 m3/s). It is 
important to mention here that we observed a resuspension event on October 1, 2012. 
However, unlike total dissolved Fe, there was no significant difference in total dissolved 
Cr between January 2011 and January 2012 (Table 6) even though there was significant 
sediment resuspension (based on SPM concentrations).  
When the Cr distribution of September, 2011 was compared with the mixing 
experiment data (of September 2011), total dissolved Cr (Figure 22) shows non-
conservative behavior (removal).  
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Figure 22. Total dissolved Cr (nM) behavior along the salinity gradient during different 
sampling periods and also during the mixing experiment. 
 
As total dissolved Cr contains a significant amount of colloidal Cr (Table 6) in 
SLB throughout the year (~10-30% of total dissolved Cr), flocculation of colloidal Cr 
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could be responsible for non-conservative behavior (removal). However, other processes 
including biological uptake or adsorption onto SPM cannot be ruled out. Total dissolved 
Cr in SLB shows similar distribution patterns as total dissolved Fe, indicating that similar 
processes affect the distribution of these elements in SLB. 
Vanadium, Nickel, and Copper 
 Figure 23 shows three distinct distribution patterns of total dissolved V in SLB.  
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Figure 23. Total dissolved V (nM) behavior along the salinity gradient during different 
sampling periods and also during the mixing experiment. 
 
 During January 2011 and 2012, when salinities were at a higher range (13-28 
ppt), total dissolved V inside the bay ranged from 8 nM to 14 nM (Table 6). However, 
total dissolved V concentrations were higher in January 2012 than in January 2011. 
During these two sampling periods, concentrations of total dissolved V didn’t show any 
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pronounced variation (i.e., removal or addition) with salinity (13-28 ppt). During the 
September 2010 and 2011, and October 2012 sampling periods, when river discharges 
were high, and salinity was low (< 5 ppt inside the bay), concentrations of total dissolved 
V inside the bay ranged from 22-31 nM. Slight enrichment of total dissolved V was 
observed during September, 2011, at higher salinities (> 5 ppt). During June 2011, when 
SLB waters were thought to be impacted by Mississippi River flooding (i.e., the Bonnet 
Carre Spillway was opened), total dissolved V concentrations (43 nM) were closer to the 
dissolved V concentration in Mississippi River or Louisiana Shelf water (Shiller and 
Mao, 1999; Shiller and Boyle, 1987). Note that the salinities during this period were 
higher (at some stations) inside the SLB compared to Mississippi Sound waters 
(Appendix B), which were impacted by Mississippi River flooding (Bonnet Carre 
Spillway opening). The majority (> 80%) of total dissolved V was found to be in the truly 
dissolved fraction throughout the year (Table 6) in SLB. The colloidal and truly dissolved 
V concentrations were lowest (average 1.1 nM and 14 nM respectively) during the 
resuspension event in January 2012. Similar total dissolved V distribution patterns in 
January 2011 and 2012, and also during September 2010 and 2011, attest to the good 
quality of the data set. 
 The average total dissolved Ni concentrations in SLB ranged between 14-75 nM 
(Table 6). The seasonal variations in average total dissolved Ni concentrations inside 
SLB correlate strongly and positively (r2 = 0.94, p < 0.05) (Appendix A) with river 
discharge when we exclude the data for October 1, 2012. However, even with the highest 
river discharge (182 m3/s), samples from  October 1, 2012 show relatively low total 
dissolved and colloidal Ni concentrations, as compared to those from the next day 
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(October 2, 2012). Similar to total dissolved concentrations, the percentages of colloidal 
Ni concentrations also positively correlated (r2 = 0.91, p < 0.05) with river discharge 
(data for October 1, 2012 was excluded) (Appendix A). Metal-salinity profiles (Figure 
24) of total dissolved Ni show contrasting behavior with different seasons. For example, 
data from September 2010, shows apparent removal of total dissolved Ni in SLB, 
whereas data from September 2011 shows addition of dissolved Ni. On the other hand, 
data from January 2011and 2012 and June 2011 shows little change of total dissolved Ni 
with salinity. 
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Figure 24. Total dissolved Ni (nM) behavior along the salinity gradient during different 
sampling periods and also during the mixing experiment. 
 
 Concentrations of total dissolved Cu ranged between 8-18 nM (Table 6), which is 
a typical concentration range found in other estuaries (Monbet, 2004; Zwolsman et al., 
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1997; Martin et al., 1993). However, total dissolved Cu concentrations in summer (June 
2011; September 2011, 2012) were much higher (almost double) compared to winter 
(January 2011, 2012). During summer (especially September 2010 and 2011), addition 
(Figure 25) of total dissolved Cu took place at low salinity region < 5 ppt. This could be 
due to desorption, followed by apparent removal at higher salinity regions. However, 
total dissolved Cu concentrations during winter (January 2011, 2012) do not show 
significant variation along the salinity gradient inside the bay. Total dissolved Cu in SLB 
is mainly composed of truly dissolved Cu (> 84 %) throughout the year.  
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Figure 25. Total dissolved Cu (nM) behavior along the salinity gradient during different 
sampling periods and also during the mixing experiment. 
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 The particulate metal concentrations showed large seasonal variations (Table 6) in 
SLB. Useful information from particulate data is that particulate metal (Fe, Mn, Cr, Ni 
and Cu) concentrations showed a large increase during the sediment resuspension event 
in January 2012 as compared to a normal period with minimal resuspension in January, 
2011. An exception was particulate V which showed a slight decrease (720 µmol/g to 647 
µmol/g) during the resuspension event in January 2012.  
Discussion 
 Considering that SLB is a micro-tidal estuary with no major point source (except 
the titanium dioxide refinery) or non-point source of metal contamination (Elston et al., 
2005; Litle and Litle, 1982), the metal inventories (except Cs, see Chapter I) in SLB 
largely depend on river input and exchange with the Mississippi Sound. However, Elston 
et al. (2005) found that discharges from the titanium di-oxide refinery were a prime 
source for Ni and Cr contamination in sediment and oysters collected from SLB. 
Seasonal variation of most trace metals in SLB, thus, depends largely on variation in river 
discharge and metal exchange with the sediments. However, for Ni and Cr, 
anthropogenic input from the refinery can’t be ruled out and is considered in our 
discussion for Ni and Cr distribution in SLB. 
Trace elements behavior in SLB  
 Iron, Manganese and chromium. Coagulation/flocculation of colloidal Fe in 
estuarine mixing zones is a common phenomenon in Gulf Coast estuaries (Guo et al., 
2000; Shim et al., 2012). As total dissolved Fe in SLB is mainly composed of colloidal 
Fe (> 60%), rapid removal of total dissolved Fe is expected. For example, samples from 
late summer (September 2010, 2011) show rapid removal of total dissolved Fe in low 
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salinities (< 5 ppt). Samples from January 2011 and 2012 do not show this phenomenon 
due to a restricted salinity range (~13-28 ppt), while limited samples from January 2013 
show apparent addition of total dissolved Fe at low salinities (< 3 ppt), followed by 
strong removal at higher salinities (3-12 ppt). It is important to mention here that all the 
samples collected in January 2011, 2012 and 2013 were between outgoing and low tide 
(Table 3), and there should have been similar impacts on trace element concentrations 
from tidal variation. A low average concentration (23 nM) of total dissolved Fe was 
observed during January 2012 (river discharge = 3 m3/s; wind speed = 5.4 m/s) and a 
higher average total dissolved Fe concentration (51 nM) during January 2011 (river 
discharge = 5 m3/s; wind speed = 3.2 m/s) (Table 6). But when river discharge increased 
to 10 m3/s during January, 2013, total dissolved Fe concentrations inside the bay 
increased significantly to 1,000 nM, even with a wind speed of 4.4 m/s (potential 
resuspension events). Thus, in SLB, river discharge dominantly controlled total dissolved 
Fe concentrations (r2=0.83, p = 0.002) in the water column during these periods, partly 
because river waters had high concentrations of dissolved Fe, and relatively low pH (5.1-
7.5). Wang et al. (2010) showed that the Jourdan River has a high concentration (1,478 
µM) of DOC as compared to SLB waters (average 439 µM). Fe-organic complexation 
generally causes Fe to maintain its dissolved fraction beyond estuarine mixing zone 
(where extensive flocculation of colloidal Fe takes place) (Rijkenberg et al., 2006). With 
increase in river discharge, higher riverine input of terrestrially-derived DOC might have 
caused higher dissolved Fe in SLB (during high river discharges). This idea was also 
supported by the fact that truly dissolved iron during September 2011 (high river 
discharge) was 41% (see Table 6) of the total dissolved Fe and highest among all seasons. 
118 
 
In an estuary, input of Mn is known to be controlled mainly by river discharge 
and the diffusive flux from bottom sediments (assuming no anthropogenic input) (Audry 
et al., 2007; Shiller, 1997). On the other hand, removal is controlled by flocculation of 
colloidal Mn, and temperature-driven microbial oxidation (Hatje et al., 2003; Shiller and 
Stephens, 2005). Total dissolved Mn concentrations in SLB shows significant addition 
(Figure 21), especially in the low salinity regions (< 10 ppt) during late summer 
(September 2010, 2011), and also in January 2013. However, during January 2011 and 
2012, when salinities in SLB were high (average 19 ppt), there was no sign of addition of 
dissolved Mn inside the bay. It is most likely that addition of Mn was not seen in January 
2011 or 2012 due to our sampling during a restricted salinity range (~13-28 ppt). In 
January 2013 when salinity of our samples range between 1.5-12.3 ppt, we observed 
addition of dissolved Mn at low salinities (< 4 ppt), followed by rapid removal. 
Desorption of Mn from suspended particles is the likely reason for addition of Mn in low 
salinity regions. Similar observations were made by Shim et al. (2012) and Ouddane et al. 
(1999) in other estuaries.  
Total dissolved Mn concentrations in June 2011 were extremely low (average 5.5 
nM), and its physical partitioning (Table 6) was also significantly different than the rest 
of the year. For example, colloidal fractions (> 0.02 µm) were ~6-25% for most of the 
year, but during June 2011 it jumped up to 64%. Low total dissolved Mn concentrations 
in June 2011 can be explained by the fact that during summer (June-July), not only were 
river discharges low, but temperature-driven microbial activity was likely at its peak, 
resulting in reduced dissolved Mn concentrations (Shiller and Stephens, 2005). As 
mentioned earlier, SLB water in June 2011 was affected by Mississippi River flooding. It 
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is possible that Mississippi River water was low in dissolved Mn. Indeed, Shiller and 
Boyle (1991) predicted complete removal of particle reactive elements like Fe, Zn and Cd 
at intermediate salinities within the Mississippi River plume. Arguably, this prediction 
could also be true for the particle reactive element Mn, too. 
In estuaries like the Mississippi River estuary (Shiller and Boyle, 1991), the 
Amazon, (Boyle et al., 1982), and the Delaware (Church, 1986), dissolved Cr exhibits 
either a conservative or non-conservative mixing behavior. Total dissolved Cr in SLB 
showed removal at low salinities (< 10 ppt). Like dissolved Fe, this removal pattern was 
observed during the late summer (September 2010, 2011) and also during January 2013. 
Dissolved Cr didn’t exhibit removal during the January 2011 and 2012 sampling periods 
due to a restricted salinity range. Removal of dissolved Cr has been observed in the 
Mississippi River estuary (Shim et al., 2012). However, it seems unlikely that differences 
in river concentrations (Shiller and Boyle, 1991) can explain the downward curvature in 
Cr-salinity profiles, as this downward curvature was observed during both low and high 
river discharge (11 m3/s vs. 79 m3/s). Kieber and Helz (1992) proposed photo-reduction 
of Cr(IV) to Cr (III), followed by adsorption onto SPM as a removal process for Cr at 
high salinity waters with low SPM concentrations (less turbid). However, this process can 
also be discounted for dissolved Cr removal, as removal of dissolved Cr in SLB was 
observed in low salinity regions (< 5 ppt) with  considerable amount of SPM in water 
(13-18 mg/L in September 2010 and 2011). Very similar distribution patterns of 
dissolved Cr and dissolved Fe indicates that dissolved Cr chemistry is similar or related 
to dissolved Fe chemistry in SLB. It is likely that dissolved Cr was removed from the 
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water column by adsorption to Fe-oxyhydroxide colloids, followed by 
flocculation/coagulation at low salinities (<10 ppt). 
SLB has a Cr contamination history in its sediment and oysters (Elston et al., 
2005; Lytle and Lytle, 1982), derived from the titanium dioxide refinery. But, when the 
September 2011 field data and mixing experiment data were compared, there was no 
evidence of additional input of dissolved Cr as the field data falls slightly below the 
mixing data (Figure 22). This in turn indicated that SLB may not be contaminated with 
dissolved Cr. It is also evident from marsh sediment cores that there is no Cr 
contamination history recorded that can be considered as anthropogenic (see Chapter II). 
Vanadium, Nickel and Copper 
 Dissolved V has been reported to behave conservatively or be removed from 
surface waters during estuarine mixing (Shiller and Boyle, 1987; Auger et al., 1999). 
Processes including biological uptake (Shiller and Boyle, 1987) or adsorption to Fe-
oxyhydroxides (Auger et al., 1999) have been proposed as removal pathways for 
dissolved V. However, Strady et al. (2009) observed the addition of dissolved V (instead 
of removal) in mid-salinity (5< salinity <15) regions, especially during times of low river 
discharge in the Gironde estuary, France. They suggested that the desorption of V from 
SPM was the prime reason for non-conservative behavior of dissolved V in the Gironde 
estuary, and estimated that desorption of 10-20% of the particulate V entering the estuary 
could explain the addition of dissolved V. For SLB, (Figure 23) slight addition of 
dissolved V was observed during September 2011 and 2012, and also during January, 
2013. However, the mixing experiment data from September 2011 also showed deviation 
(i.e., additional input) from the dilution line (Figure 23), and suggests that V may be 
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weakly bound to the surface of suspended particles in SLB. Thus, it is likely that 
desorption from SPM was causing the addition of dissolved V in SLB.  
 The behavior of Ni in estuaries has been well studied, and there is no consistent 
trend in dissolved Ni behavior in estuarine mixing zones, as researchers have reported 
both conservative and non-conservative behavior of Ni in estuaries (Martino et al., 2004; 
Martin et al., 1993; Morris, 1986; Shim et al., 2012; Shiller and Boyle, 1991; Turner et 
al., 1998; Wen et al., 2013). Any particular trend (either removal or addition) in dissolved 
Ni behavior in SLB (Figure 24) was absent in this study too. While dissolved Ni showed 
strong removal in September 2010; it showed addition during September, 2011. While a) 
adsorption to suspended particles (Morris, 1986) and/or b) biological uptake of dissolved 
Ni (Shiller, 1993) might have caused removal of dissolved Ni in SLB, the addition of 
dissolved Ni might have arised from a) desorption from SPM (Martino et al., 2004) 
and/or b) anthropogenic input from the titanium dioxide refinery (as indicated by Elston 
et al., 2005). When mixing experiment data (September 2011) and field data from 
September 2011 and 2010 were compared (Figure 24), field data fall either above 
(September 2011) and below (September 2010) the mixing experiment data. So it is 
uncertain whether dissolved Ni has any anthropogenic input to the bay. On the other 
hand, dissolved Ni showed very little change in concentration with salinity during 
January 2011 and 2012 and also during June 2011. Overall, the average total dissolved 
concentrations were largely dependent on river discharge except for the cases when there 
were resuspension events in SLB. 
 Dissolved Cu behaves conservatively during estuarine mixing due to its strong 
complexation with organic ligands (Shim et al., 2012; Shiller and Boyle, 1991; Shiller, 
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1993b). However, remobilization of dissolved Cu during estuarine mixing has also been 
reported for several estuaries, mainly due to desorption from SPM and complexation with 
non-polar hydrophobic organic ligands (Zwolsman et al., 1997; Waeles et al., 2004). In 
SLB, total dissolved Cu showed additional input at low salinities, followed by removal at 
higher salinities (Figure 25). While desorption from SPM may cause additional input of 
dissolved Cu at low salinities, removal of DOC in SLB (Wang et al., 2010) with 
increased salinity may explain the removal of dissolved Cu. 
Impact of sediment resuspension on trace metal behavior 
Examples of unique features of trace metal distribution in SLB can be seen in data 
from January 2011 and 2012, and also from the time series data from October 2012. The 
major difference among these sampling periods was wind speed; while wind speed was 
3.2 m/s during January 2011, it was 5.4 m/s during January 2012. During the time series 
sampling in October 2012, sampling was started when wind speed was ~4-5 m/s and 
sampling was ended when wind speed went back to normal (2-3 m/s). It is worth 
mentioning here that Booth et al. (2000) showed that in Barataria Bay (southeastern 
Louisiana), which has an average water depth of 2 m, resuspension is significant (more 
than 50% of the total area of bottom sediment) when wind speeds exceed the critical 
value of 4 m/s. In the case of SLB, an approximate nine fold increase in average SPM 
concentration (Table 6) during January 2012 (compared to January 2011) confirms that 
there was significant sediment resuspension (these two sampling periods had comparable 
river discharge). During October 1, 2012 (wind speed = 4.8 m/s), the SPM concentration 
was 3 times higher than the next day (October 2, 2012; wind speed = 3.2 m/s). For SLB, 
thus wind speed > 4 m/s can also cause significant resuspension of bottom sediment. 
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Fe, Mn and Cr  
When trace element concentrations were compared, total dissolved Fe (Figure 
26a, b) and Mn (Figure 27a, b) concentrations were lower during resuspension events in 
January 2012 (compared with January 2011), and October 1, 2012 (compared with 
October 2, 2012). A close look at the time series data from October 2012 (Figure 26b and 
27b) reveals crude kinetics of the behavior of Fe and Mn.  
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Figure 26. Comparison of total dissolved Fe concentration between (a) January, 2011 
(normal period with minimal resuspension) vs January, 2012 (resuspension) and (b) 
October 1, 2012 (resuspension) vs October 2, 2012 (normal period with minimal 
resuspension). 
 
For example, during October 1 morning, when the average wind speed was 5.4 
m/s (average SPM concentration = 49 mg/L; outgoing tide), we observed relatively low 
total dissolved Fe (average 1,135 nM). In the afternoon of the same day, wind speed went 
down to 4 m/s (average SPM concentration = 33 mg/L; incoming tide), still the average 
total dissolved Fe concentration was relatively low (1,471 nM) compare to the next day 
(October 2 morning). The wind speed of the next day (October 2, 2012), morning, went 
down to normal (average 3.2 m/s; average SPM concentration = 17 mg/L) and even with 
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significantly lower river discharge (106 vs. 182 m3/s) compared to October 1, 2012, the 
average total dissolved Fe concentration was significantly higher (6,622 nM). Similar 
behavior was observed for total dissolved Mn and Cr (Figure 27a, b, and Figure 28a, b). 
Large increases in total dissolved concentrations (Fe, Mn and Cr) on October 2, 2012 
could have been caused by a) input from rivers and/or b) desorption from SPM (Kalnejais 
et al., 2010).  
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Figure 27. Comparison of total dissolved Mn concentration between (a) January, 2011 
(non-resuspension) vs January, 2012 (resuspension) and (b) October 1, 2012 
(resuspension) vs October 2, 2012 (non-resuspension). 
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Figure 28. Comparison of total dissolved Cr concentration between (a) January, 2011 
(non-resuspension) vs January, 2012 (resuspension) and (b) October 1, 2012 
(resuspension) vs October 2, 2012 (non-resuspension). 
  
 On the other hand, particulate (leachable with 1M HCl) Fe and Mn (µM/g) 
concentrations were much higher during resuspension events. Fe and Mn are particle 
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reactive elements, and several fold increases in SPM concentration (as seen in SLB) 
during resuspension events can cause dissolved Fe and Mn to adsorb to particle surfaces. 
On the other hand, as SLB sediment is enriched with Fe and Mn (see Chapter II), 
increases in particulate (leachable) Fe and Mn could be caused by the resuspension of 
bottom sediment.   
 As mentioned earlier, dissolved Cr behavior is similar to dissolved Fe in SLB. As 
dissolved Fe showed strong removal during resuspension events, dissolved Cr was 
expected to behave the same. Indeed, dissolved Cr was strongly removed during the 
resuspension events in October 2012 (2.35 nM on October 1 vs. 4.81 nM on October 2). 
However, while we observed significant increases in colloidal and particulate Fe and Mn 
concentrations during resuspension events, Cr concentrations didn’t increase (instead it 
decreased) in the colloidal fraction during resuspension on October 2012 (particulate data 
not available). Thus, during resuspension events, due to erosion of metal enriched bottom 
sediments, not only did particulate Fe and Mn concentrations increase (Table 6) 
(presumably increased SPM are from bottom sediment) but the percentage of the 
colloidal fraction also increased. This increase in the colloidal fraction can be explained 
by considering conversion of dissolved metal to colloidal due to adsorption onto Fe-
oxyhydroxides. 
 Simple numerical calculations were made here to show the importance of 
sediment resuspension on metal distribution, transport and speciation. For example, we 
present here the case of Fe during January 2011 vs. January 2012. During January 2012, 
the Wolf River discharge was 3 m3/s. As the Jourdan River discharge data is unavailable 
after Hurricane Katrina (2005), we estimated the discharge of the Jourdan River from 
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Wolf River discharge and the ratio of their drainage basins. Their combined discharge on 
the sampling day of January 2012 was 4.9 x 107 L/day. As the chemistry of these two 
rivers is similar (Cai et al., 2012), we measured Fe concentrations in the Jourdan River. 
During the January 2012 sampling period, the total dissolved Fe concentration was 91.1 
nM in the Jourdan River. Combined river input of total dissolved Fe = 91.1 nmol/L x 4.9 
x 107 L/day ≈ 2 kg/day. A similar calculation can be made to show that particulate Fe 
input from both rivers was ≈ 30 kg/day (considering SPM conc. = 7.8 mg/L and 
particulate Fe concentration = 180 µmol/g-dry). Now, the total volume of SLB is = 58.5 x 
109 L (since area = 39 km2 and average depth = 1.5 m). Following Booth et al. (2000), if 
we consider that only 50% of the bottom surface area of sediment was resuspended 
during sediment resuspension, then the volume of water which was affected by 
resuspension was ≈ 29 x 109 L. The SPM concentration during resuspension was = 73 
mg/L; so the total SPM amount in resuspension affected water = 29 x 109 L x 73 mg/L≈ 2 
x 109 g. During resuspension events in January, 2012, average particulate Fe 
concentration was 130 µmol/g-dry higher than the January, 2011 average particulate Fe 
concentration. So the amount of particulate Fe introduced into the water column by 
resuspension = 2 x 109 g x 130 µM/g-dry = 260 x 109 µM ≈ 10,000 kg (per resuspension 
event). Although the amount of resuspended particulate Fe is astronomical compared to 
river inputs, the net amount of particulate metals reaching the coastal ocean (Mississippi 
Sound in this case) should be much less because of the deposition of resuspended 
particulate metals before they reach the coastal ocean. Nonetheless, the frequency of 
resuspension events in SLB is really high, for example, in January 2012, 40% of the time 
had wind speed > 4m/s, which can cause resuspension events in SLB. This roughly 
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equates to 10 hours of resuspension per day in January 2012. Considering that the 
average residence time of water in SLB is 4.1 days (Sawant et al., 2009), significant 
amounts of resuspended, particulate metals can reach the Mississippi Sound during 
seasons with high frequency of resuspension events. 
Vanadium, Nickel, and Copper 
  In contrast to dissolved Fe, Mn and Cr behavior, total dissolved V concentrations 
increased (Table 6) during resuspension events in January 2012, and also during October 
1, 2012. Although, October 1 and October 2 of 2012 show similar average (~30 nM) total 
dissolved V concentrations in SLB, a closer look (Figure 29b) at their distribution reveals 
that during a high wind speed event on October 1, 2012 (morning), total dissolved V 
concentrations were much higher at some stations (Stn 1 and 2). This is most probably 
due to the oxidation of reduced V (IV) or V (III) to V (V), which is more soluble in oxic 
water. This idea is also supported by the fact that there was an increase in truly dissolved 
and a decrease in colloidal V during the resuspension event (Table 6).  
 However newly released (morning of October 1) dissolved V disappeared within 
hours (October 1 afternoon) (Figure 29b). Large removal of dissolved Fe was also 
evident during sediment resuspension. Thus newly formed dissolved V (V) during 
sediment resuspension can be scavenged by Fe-oxyhydroxides and be removed from 
solution.  
 Particulate V didn’t show any increase (increase observed for Fe and Mn) during 
sediment resuspension in January 2012. Instead there was slight decrease (Table 6) in 
particulate V in January 2012, compared to January 2011. Desorption from resuspended 
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particles followed by oxidation to V (V) may explain this phenomena. October 2012 
particulate data is not available. 
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Figure 29. Comparison of total dissolved V concentration between (a) January 2011 
(non-resuspension) vs January 2012 (resuspension) and (b) October 1, 2012 
(resuspension) vs October 2, 2012 (non-resuspension). 
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Figure 30. Comparison of total dissolved Ni concentration between (a) January 2011 
(non-resuspension) vs January 2012 (resuspension) and (b) October 1, 2012 
(resuspension) vs October 2, 2012 (non-resuspension). 
  
 The behavior of Ni was complex and didn’t follow any particular trend during 
resuspension events. For example, during January 2011 and 2012 (low river discharges 
and high salinities), there was a slight increase in total dissolved Ni during resuspension 
in January 2012 (Figure 30a). However, there was a considerable (160 nM/g-dry) 
increase in particulate Ni, most likely from erosion of metal enriched bottom sediments. 
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In contrast to winter, during time series sampling in October 2012 (high river discharge 
and low salinities), both total dissolved and colloidal Ni (Table 6) showed lower 
concentrations (Figure 30b) during resuspension. A slight increase in dissolved Ni during 
resuspension in January 2012 can be attributed to desorption from resuspended particles 
in high salinities (Martino et al., 2004). Lower concentrations during resuspension on 
October 1, 2012 might have been caused by adsorption of dissolved Ni to freshly 
precipitated Fe-oxyhydroxides. 
 Total dissolved Cu didn’t show any significant change during resuspension, 
irrespective of the season (river discharges and wind speed) (Figures 31a, b). These 
observations indicate that Cu in SLB is strongly bound with low molecular weight 
organic ligands. However, a large increase in particulate Cu during resuspension in 
January 2012 must be caused by erosion of metal enriched sediment. 
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 Figure 31. Comparison of total dissolved Cu concentration between (a) January 2011 
(non-resuspension) vs January 2012 (resuspension) and (b) October 1, 2012 
(resuspension) vs October 2, 2012 (non-resuspension). 
 
 Similar numerical calculations (as for Fe) were made here to show the importance 
of resuspension on the fluxes of dissolved V in shallow estuaries (like SLB). The 
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combined river input of dissolved V is 0.3 kg/day. On average there was a ~8 nM 
increase in total dissolved V during resuspension. Considering 50% of the surface area of 
bottom sediment was impacted by resuspension, there was 0.2 kg of total dissolved V 
input to the water column per resuspension event. Similar as particulate Fe, it is the 
frequency of resuspension events in shallow estuaries, which is important in transporting 
resuspended metals (particulate or dissolved) to the coastal ocean. Thus transport of 
resuspended metals to the coastal ocean by wind-induced processes can be significant in 
micro-tidal estuaries (like SLB), where the average residence time of water is low (e.g., 
4.1 days in SLB). 
Conclusion 
 Shallow estuaries (like SLB) can be very dynamic in terms of physical mixing 
caused by wind-induced forces. The sediment of SLB can be resuspended to a significant 
extent by wind speed > 4 m/s. Wind-induced sediment resuspension has a significant 
impact on trace metal distributions, speciation, and also on their transport through the 
estuary to the coastal ocean. The following behaviors of trace elements were observed in 
SLB (micro-tidal shallow estuary). 
 Total dissolved Fe showed strong removal at low salinities due to 
coagulation/flocculation of colloidal Fe. River discharge has a dominant impact on the 
average concentration of total dissolved Fe in the estuary. Sediment resuspension 
strongly impacts the particulate and colloidal Fe concentrations and caused several fold 
increase. Total dissolved Mn showed additional input at low salinities due to desorption 
from SPM, followed by removal at high salinities due to coagulation/flocculation. Similar 
to Fe, removal of total dissolved Mn and addition of particulate and colloidal Mn has 
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been observed during resuspension events. Total dissolved Cr behaves similarly to total 
dissolved Fe in most seasons and these observations indicate that chemical processes of 
Cr are related with Fe in SLB. Total dissolved V shows slight addition during estuarine 
mixing in SLB due to desorption from suspended particles.  Average total dissolved Ni 
concentration in SLB is dominantly controlled by river discharges (strong positive 
correlation between total dissolved concentration and river discharges) except during 
resuspension events. Like other estuaries, total dissolved Ni does not show any particular 
trend in its behavior during estuarine mixing. Both removal and addition of total 
dissolved Ni were observed during estuarine mixing in SLB. Total dissolved Cu showed 
additional inputs at low salinities followed by removal at higher salinities. Samples from 
June 2011 seemed to have impacted by large Mississippi River flooding (Bonnet Carre 
Spillway opened). 
 Important observations were made on the trace element behavior during 
resuspension events in SLB. Strong removal of total dissolved Fe, Mn, and Cr were 
noticed during resuspension events compared to non-resuspension events. On the other 
hand, large increases in particulate and colloidal Fe and Mn concentrations were 
observed during resuspension events. Simple calculations were made to show that the 
flux of particulate metals (such as Fe and Mn) per resuspension event is significantly 
larger than river input. Even with the deposition of particulate metals after the 
resuspension events, it is the frequency of resuspension (40-50% of the time), which 
definitely helps to transport the particle reactive elements (Fe and Mn) out from inside 
the bay. 
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 On the other hand, total dissolved V showed additional input during resuspension 
events, in contrast with the particle reactive elements such as Fe and Mn. Particulate V 
concentrations were slightly lower than in a non-resuspension event. It is most likely the 
oxidation of reduced V species during resuspension that was the prime cause for 
additional input of dissolved V. Desorption of reduced species V (IV) from suspended 
particles, followed by oxidation may be another process during resuspension events. 
While total dissolved Ni showed both addition and removal, particulate Ni showed 
addition during resuspension events. Both dissolved and colloidal Cu didn’t show any 
significant change during resuspension events. Simple flux calculations show significant 
flux of dissolved V due to resuspension events compared to the river inputs. 
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APPENDIX A 
TRACE ELEMENT CORRELATION WITH RIVER DISCHARGES 
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APPENDIX B 
SALINITY DURING SAMPLING PERIODS IN SLB 
Salinity 
Station Sep-10 Jan-11 May-11 Sep-11 Jan-12 Oct-12 Jan-13 
1 5.7 27.8 4 3.4 19.7 2.5 5 
2 2.8 21.4 2.6 4.9 19.5 2.1 5.4 
3 1.9 22.1 1.9 3.6 19.4 0.6 4.9 
4 6.0 14.9 1.6 8.5 20.7 1.3 12.3 
5 10.5 17 1.8 6.1 20.8 2.2 3.8 
6 0.4 13.6 4.5 1.1 17.3 4.2 
7 0.4 17.4 4.8 2.5 14.8 
8 4.6 21.2 2 3.5 20.5 
9 1.5 21.8 4 3.2 18.9 
10 4.9 22.3 1.9 7.5 21.1 
11 0.1 13.3 5.4 0.7 16.7 2.9 
12 15.8 4.1 0.1 14.7 1.5 
13 25.2 2.2 8.1 
14 0.1 1.5 
Average 3.5 19.5 3.1 3.8 18.7 1.7 5.0 
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CHAPTER IV 
ROLE OF SEDIMENT RESUSPENSION ON BEHAVIOR AND FRACTIONATION 
OF RARE EARTH ELEMENTS IN A  
SHALLOW ESTUARY, ST. LOUIS BAY (SLB), MS 
Introduction 
  The geochemical behavior of naturally occurring rare earth elements (REE, La to 
Lu) changes systematically across the series due to the gradual filling of the f-shell 
electron and consequential gradual decrease in their ionic radii (also known as the 
lanthanide contraction). When dissolved REE concentrations are normalized to the 
composition of source rocks or reference materials such as the North American Shale 
Composite (NASC) or Post-Archean Australian Shale (PAAS), changes in dissolved REE 
patterns can give important clues about REE chemistry and the chemical processes which 
help to evolve the normalized REE patterns, as compared to their source rock’s REE 
patterns. In other words, normalized REE patterns in rivers, estuaries, and the ocean are 
different and evolved differently (e.g., light REE [LREE] enriched, heavy REE [HREE] 
enriched, middle REE [MREE] enriched) from the source rock patterns, depending on the 
geochemical and physico-chemical processes involved (such as adsorption, desorption, 
redox, coagulation, resuspension, and complexation with organic ligands) and subsequent 
fractionation among different pools (particulate, colloidal, and dissolved) (Sholkovitz, 
1976; Hoyle et al., 1984; Elderfield et al., 1990; Sholkovitz, 1992; Shiller, 2003; 2010; 
Tang and Johannesson, 2003). For example, in general, REE patterns of alkaline river 
waters show enrichment of HREEs compared to LREEs (Elderfield et al., 1990). This is 
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due to the preferential adsorption of LREE onto particle surfaces, and the stronger 
complexation of HREE with ligands in solutions (Elderfield et al., 1990). 
 When rivers discharge into estuaries, shale-normalized REE patterns are further 
modified as estuaries are very reactive in terms of modifying the total riverine REE load 
by salt-induced coagulation (and thus removal) of the colloidal REE pool (Goldstein and 
Jacobson, 1988; Elderfield et al., 1990; Hoyle et al., 1984; Sholkovitz, 1995) and also by 
REE co-precipitation with iron hydroxide (Martin et al., 1976; Sholkovitz, 1992). As the 
colloidal REE pool comprises 40% to 60% of the total dissolved (0.45 µm filter passing 
fraction) REE pool, its removal in the estuarine mixing zone significantly modifies the 
riverine REE flux to the oceans (Sholkovitz and Elderfield, 1988; Elderfield et al., 1990). 
 On the other hand, additional input of dissolved REEs in the estuarine mixing 
zones and the coastal ocean has also been reported. For example, Spivack and 
Wasserburg (1988) and Amakawa et al. (2000) showed that in order to justify the isotopic 
composition of Nd in sea water, desorption of Nd from river-borne particles has to be a 
principle source of Nd in sea water. Sholkovitz (1993) and Sholkovitz et al. (1999) also 
showed that in high salinity regions of the Amazon and Fly River estuaries, desorption of 
Nd and other REEs from sediment is a distinct feature of the REE distribution. Haley and 
Klinkhammer (2003) demonstrated in a laboratory experiment that the oceanic benthic 
flux of REEs provides a significant contribution to the overlying waters and can be on the 
order of the riverine flux. As sediment-water interaction is more intense in estuaries, the 
benthic flux may also be important for the REE distribution in estuaries. Nozaki et al. 
(2000) showed that in the mid-salinity region (3 ppt to 7 ppt) of the Chao Praoya River 
estuary (Thailand), there is addition of dissolved REEs possibly from desorption of river-
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suspended particles. The findings of Lawrence and Kamber (2006) also supports the 
observation of desorption of REE from particulate matter in mid-salinity regions. 
 Geochemical and physio-chemical processes in estuaries and the slightly different 
responses of REEs along the series further modify the shale-normalized REE patterns 
from river waters and lead to REE patterns which resemble oceanic REE patterns 
(Lawrence and Kamber, 2006). Estuaries and the coastal ocean are places where 
sediment-water interaction is more frequent than the open oceans. Furthermore, shallow 
estuaries and shallow coastal shelves are subject to frequent sediment resuspension due to 
wind induced waves and periodic storms (Booth et al., 2000; see Chapter III).  During 
resuspension events, particulate concentrations increase (which can increase REE 
interaction with particle surfaces), REE rich pore waters can be supplied to the water 
column (Sholkovitz et al, 1992), and reduced sediment can be resuspended, which can 
further influence REE fractionation.  On the other hand, salt-induced desorption and ion 
exchange of REEs can take place in estuaries (Nozaki et al., 2000; Hayley and 
Klinkhammer, 2003; Lawrence and Kamber, 2006).  As REEs are particle reactive, large 
amounts of suspended particles can enhance the fractionation among REEs, as observed 
in the turbidity zone of the upper Delaware River estuary (Elderfield et al., 1990). Studies 
of REE patterns in shallow estuarine/coastal systems and the impact of natural sediment 
resuspension on REE fractionation are limited (Sholkovitz and Szymczak, 2000), 
especially with regard to how resuspension affects the dissolved-colloidal partitioning of 
REEs. In this study, REE fractionation in samples from resuspension events vs. normal 
periods with minimal resuspension were compared in both the truly dissolved fraction 
and the colloidal fractions. Beside the large increase in SPM concentrations during 
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sediment resuspension (Kalnejais et al., 2007), resuspension of reduced sediment can lead 
to a large initial increase of dissolved Fe followed by rapid removal of dissolved Fe as 
Fe-oxyhydroxides (Saulnier and Mucci, 2000). Now, lanthanum preferentially stays in 
solution compared to its neighboring LREEs during adsorptive removal by particle 
surfaces and can show anomalous concentrations (La anomaly) in the REE pattern (de 
Baar et al., 1991; Taylor and McLenan, 1985). On the other hand, Ce, which can form Ce 
(IV) in more oxic/less reducing conditions, preferentially adsorbs to particle surfaces and 
causes a negative Ce anomaly (de Baar et al., 1991; Lawrence and Kamber, 2006; Taylor 
and McLenan, 1985). Here I hypothesize that natural resuspension of sediment can cause 
significant modification of estuarine shale-normalized REE patterns. For example, it was 
hypothesized that increased formation of fresh Fe-Mn oxyhydroxides or increases in 
SPM concentration (or combination) could cause the preferential removal of LREE 
(compared to normal period with minimal resuspension) and, thus, can lead to a shale-
normalized REE pattern with a larger positive lanthanum (La) anomaly and a deeper 
negative Ce anomaly. Deviations (known as anomalies) from their smooth shale-
normalized REE patterns or uncommon shape of the pattern in turn can provide 
information about redox processes or adsorption/desorption processes during 
resuspension events. A major goal of this study was to understand the impact of natural 
resuspension on REE patterns in a shallow estuarine system.  
Methods 
Study Area  
St. Louis Bay (SLB), MS (Figure 32) is a shallow micro-tidal estuary (average depth 1.5 
m) situated to the east of the Mississippi River delta, in the northern Gulf of Mexico 
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(GOMx). Two small rivers, the Jourdan and the Wolf, which drain a ~1,460 km2 area are 
the main sources of fresh water to the bay. More than 80% of the watershed of SLB is 
either forest or wetland, with only 2% urbanized (MDEQ, 2007).  Both the Jourdan and 
Wolf Rivers are alkaline (pH > 7) in nature except during high discharge when the pH 
drops to ~5. However, the pH of SLB surface waters was alkaline (pH > 7) during all 
sampling periods of this study. Thirty years of river discharge data for the Wolf River 
shows higher discharge during January-March (22-28 m3/s) and lower during June-
August (6-17 m3/s) (USGS, 2013). 
 
Figure 32. Surface water sampling locations (14 stations) during January 2011 and 2012. 
Yellow line through station 1-5 indicates the transect along which time series samples 
were taken during October 2012 TS.   
 
Sampling 
 Surface water samples (Figure 32) from 14 stations (including one station at each 
of the two rivers) were collected in January 2011, and again in January 2012. The main 
difference between these two sampling periods was wind speed. January 2011 had low 
wind speed (~3 m/s) and thus no sediment resuspension, whereas January 2012 had high 
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wind speed (~10 m/s) and thus sediment resuspension occurred. Herein general, we 
observed that sediment resuspension occurred in SLB when wind speed exceeded 4 m/s.  
River discharges were comparable and low (3 m3/s and 5 m3/s in January 2011 and 2012 
respectively) compared to the mean river discharge during this season. The average (of 
sampling day) river discharge values reported here are from the Wolf River because the 
river discharge values for the Jourdan River were unavailable. As both rivers drain the 
same watershed and have similar water chemistry (Cai et al., 2012), comparing REE data 
with the Wolf River discharges can fulfill the purpose of this study.  
 A time-series (TS) sampling was performed as an additional assessment of 
sediment resuspension (with increasing/decreasing intensity) on REE behavior in SLB. 
TS sampling occurred over a 24-hour period (October 1-2, 2012) when wind speed was 
initially moderate (> 5 m/s), and decreased to ~3 m/s during the sampling period. The 
river discharges were very high during this time series; 182 m3/s on October 1, and 106 
m3/s on  October 2, 2012. Samples were collected on a north-south transect (stations 1-5) 
through the bay during the time series (Figure 32). 
 Surface water samples were collected in acid-cleaned linear polyethylene bottles 
following the procedure described in Shiller (1997) and Shim et al. (2012). The 
polyethylene bottles were attached to an acrylic holder fixed to the end of a nonmetallic 
pole and were dipped into the water with the bottle mouth facing downward and slowly 
turned upward to fill the bottle. The bottles were rinsed with in-situ water three times and 
finally water samples were collected from just below the surface. Sample bottles were 
then kept on ice and in the dark until they were ready to be processed (within 12 hours of 
collection). Sub-samples for “total” dissolved (< 0.45 µm) and “truly” dissolved (< 0.02 
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µm) REEs were collected in acid-cleaned 15 ml polyethylene bottles. The concentrations 
of colloidal trace elements were estimated by subtracting the concentrations in < 0.02 µm 
passing fraction (truly dissolved) from the concentrations in < 0.45 µm passing fraction 
(total dissolved).  
Analysis 
 REEs were determined by sector-field ICP-MS (ThermoFinnigan Element 2) 
following the modified version of the method described in Shaw et al. (2003). Acidified 
samples were spiked with known amounts of enriched isotopes of Ce-142, Nd-145, Sm-
149, Eu-153, Gd-155, Dy-161, Er167, and Yb-171 (Oak Ridge National Laboratory). 
Ultrapure, aqueous ammonia (60-400 µL) was then added to each sample to co-
precipitate the REEs with Mg(OH)2. Samples were then centrifuged and the supernatant 
(comprised of seasalt including interfering Ba2+) was discarded. The precipitates were 
dissolved in 3 ml of 10% HNO3 prior to measurement by HR-ICPMS. An Apex FAST 
high efficiency nebulization system with Spiro TMD desolvator (Elemental Scientific, 
Inc.) was used to minimize oxide formation during measurements. 
 Concentrations of eight spiked REE elements (Ce-142, Nd-145, Sm-149, Eu-153, 
Gd-155, Dy-161, Er167, and Yb-171) were calculated by isotope dilution method 
(Shiller, 2010). These isotope spikes were also used as internal standards for the other 
elements in the REE series and their concentrations calculated from the detector 
responses of the spikes (Shiller, 2003; Shiller; 2010; Shaw et al., 2003).  REE recoveries 
were estimated by measuring the reference seawater NASS-5 (National Research Council 
of Canada) with each run (Table 7). Recovery percentages were calculated for each REE 
based on an average of NASS-5 values from Bayon et al. (2010) and Lawrence and 
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Kamber (2007). Recovery percentages for all REEs ranged between 82-116% with the 
highest recovery (116%) associated with Ho and lowest (82%) with Gd. When REE 
concentrations were corrected for recovery, the REE the pattern of NASS-5 (this study) 
matched well with Bayon et al. (2010). However, the uncorrected NASS-5 profile also 
matches with Bayon et al. (2010) except for Ho, which had higher recovery percentage 
(116%)  (Figure 33). The uncorrected dataset is discussed in this chapter.  
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Figure 33. REE pattern of NASS-5 (this study) compared with recovery (%) corrected 
REE pattern of NASS-5 (this study). Both these profiles then compared with NASS-5 
profile reported by Bayon et al. (2010).  
 
 REE concentrations were normalized with North American Shale Composite 
(NASC) data from Taylor and McLennan (1985). Lanthanide (Ln) anomalies are defined 
as Lnn/Lnn* where Lnn is the shale-normalized concentration and Ln* is the predicted 
shale-normalized concentration calculated based on the following equation:  
Lan* = (Prn)3/ (Ndn)2 .......................................................................................................... (1) 
Cen* = (2/3)*Lan+(1/3)*Ndn .............................................................................................. (2) 
151 
 
MREE enrichment factor (EF) was calculated using the following equation: 
MREE EF = Smn/√(Lan*Ybn) ........................................................................................... (3) 
 
Table 7 
REEs recovery (%) in NASS-5 measurements is calculated using the REEs concentrations 
(pM) in NASS-5 reported by Bayon et al. (2010) and Lawrence and Kamber (2007) 
 
La Ce Pr Nd Sm Eu Gd 
Bayon et al., 2010 94 40 15 61 33 2.0 12 
Lawrence and Kamber, 2007 89 41 15 59 33 2.3 12 
Average 91 41 15 60 33 2.1 12 
 This study 82 39 14 60 30 1.8 10 
Recovery % 90 97 92 91 90 84 82 
Tb Dy Ho Er Tm Yb Lu 
Bayon et al., 2010 1.8 12 2.9 9.0 ND 7.6 1.2 
Lawrence and Kamber, 2007 1.8 12 2.9 8.8 ND 7.7 1.1 
Average 1.8 12 2.9 8.9 ND 7.6 1.1 
 This study 1.9 10 3.4 7.6 1.1 6.7 1.0 
Recovery % 108 88 116 85 ND 88 91 
  
Results and Discussion 
SPM concentrations 
 There was a large difference in SPM concentrations between resuspension events 
and periods with minimal resuspension (Figure 34; Appendix E). During January 2011, 
SPM ranged from 2 mg/L at Stn 6 to 10 mg/L at Stn 2. On the other hand, during January 
2012 when there was sediment resuspension, all the stations had much higher SPM 
concentrations. For example, Station 6 had an SPM concentration of 30 mg/L whereas 
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station 2 had an SPM concentration of 133 mg/L. The average SPM concentration in SLB 
was ~8 mg/L in January, 2011 whereas it was ~73 mg/L in January 2012. 
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Figure 34: SPM concentrations during January 2011 and 2012 and also during October 
TS. 
 
 Similarly, during the October 2012 TS sampling, higher SPM concentrations were 
observed during sediment resuspension on the morning of October 1 as compared to the 
normal period with minimal resuspension on October 2 (Figure 34; Appendix E). For 
example, on the morning of October 1, the lowest SPM concentration (26 mg/L) was 
observed at station 4 whereas the highest SPM concentration was at station 1. On October 
2, lowest SPM concentration (14 mg/L) was at station 5 and highest (22 mg/L) at station 
2. The average SPM concentration was 49 mg/L on the morning of October 1, 2012, 
whereas it was 33 mg/L in the afternoon of the same day. On the following day (October 
2, 2012), the average SPM concentration was 17 mg/L. 
REE concentrations (pM) of January 2011 and January 2012 
Total Dissolved REE 
 The average bay salinity was high in both sampling periods (January 2011 and 
2012) and ranged between 13.3-27.8 ppt (Figure 35). The total dissolved REE in both 
153 
 
January, 2011 and 2012 showed a strong concentration gradient with increasing salinity 
(Figure 35) in SLB. For example, the total dissolved La concentration in surface water of 
SLB was 595 pM at the Jourdan River mouth (Station 11) to 62 pM at the mouth of the 
bay (Station 5) in January 2011. Similarly, total dissolved Lu was 8.0 pM at Station 11 
and 3.6 pM at Station 5 (Appendix A, B). Similar observations were made for January 
2012 except that total dissolved concentrations were generally lower in January 2012 
(Figure 35).  
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Figure 35. Total dissolved REE (a) La and (b) Lu behavior along the salinity gradient 
during January 2011 and 2012.  
 
 As both times (January, 2011 and 2012) had comparable river discharge, salinity 
(see Appendix B in Chapter III), and pH (Appendix F), it is most likely that increases in 
SPM concentrations (average SPM concentration 8 mg/L vs. 73 mg/L) followed by 
adsorption of REE to particle surfaces caused lower concentrations of total dissolved 
REE during sediment resuspension in January 2012 (Figure 34). Total dissolved REE 
concentrations (LREE and MREE) decreased with decrease in total dissolved Fe (r2 = 
0.65-0.84; p < 0.05) and Mn (r2 = 0.85-0.97; p < 0.05) and both Fe and Mn showed 
considerable removal (see Chapter III) during sediment resuspension at these salinities. 
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This suggests that adsorption of REEs to Fe-Mn-oxyhydroxides and removal from the 
solution might have caused lower total dissolved REE concentrations in January 2012. 
Removal of REE from solution by sorption to amorphous Fe hydroxides is an important 
process especially in estuaries (Quinn et al., 2006). Further evidence of adsorptive 
removal of dissolved REEs during sediment resuspension came from Ce anomaly data 
which is discussed in separate section below. 
Colloidal and Truly Dissolved (January 2012) 
 For January 2011, only total dissolved (i.e., <0.45 µm) samples were collected; 
thus, colloidal and truly dissolved REE data are on available for January 2012 and those 
data are discussed here. Colloidal REE concentrations ranged from 211 pM of La at the 
Jourdan River station (Station 14) to 66 pM at the mouth of the bay (Station 5). However, 
colloidal HREE such as Lu showed a concentration increase from Stn. 14 (1.29 pM) to 
Stn. 5 (2.46) indicating additional input of HREE at higher salinities (Figure 36).  
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Figure 36. Truly dissolved and colloidal REE distribution along the salinity gradient in 
January 2012. 
  
 The average colloidal % of total dissolved REEs was 84% for La and decreased 
along the series to 58 % for Lu. Removal of colloidal REEs along with colloidal Fe 
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during estuarine mixing is a common phenomenon at low salinity (< 5 ppt) and has been 
observed by several researchers (Sholkovitz, 1993; Elderfield et al., 1990). Removal of 
colloidal REE (especially LREE) at higher salinities in SLB (Figure 36) during sediment 
resuspension might have been caused by adsorption to freshly precipitated Fe-
oxyhydroxides (Saulnier and Mucci, 2006). However, it is clear from Figure 36 that 
HREE such as Lu (colloidal fraction) had an additional input during sediment 
resuspension instead of any removal. Poor correlation (r2 < 0.30) with colloidal REE and 
colloidal Fe and Mn indicated other processes (beside adsorption to Fe-oxyhydroxides) 
might also cause REE removal during sediment resuspension. High SPM (other than Fe-
oxyhydroxides) concentrations might have played significant role in removal of LREE 
and MREE.  
 Truly dissolved REE (January, 2012) also showed higher concentrations at river 
stations (Station 11 and Station 14) compared to the station at the mouth of the bay 
(Station 5) (Figure 36). Unlike colloidal HREE, truly dissolved HREE indicated removal 
during sediment resuspension. Correlation (r2 > 0.90; for all 14 REE) between truly 
dissolved REE and truly dissolved Fe and Mn suggests that concentrations in truly 
dissolved phase of these elements were controlled by similar processes.  
REE fractionation during sediment resuspension (January 2011 and January 2012) 
 For January 2011, only total dissolved data are available. However, a comparison 
between the shale-normalized REE pattern in the total dissolved pool of January 2011 
and January, 2012 can still give insight into the effect of high SPM concentrations on 
REE fractionation. As SPM concentrations were much higher during sediment 
resuspension (Figure 34), higher adsorption of REEs (and preferentially the LREEs) was 
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expected as compared to periods when SPM concentrations were low. Visual inspection 
of average shale-normalized REE patterns of January 2011 and January 2012 didn’t show 
any difference except that normalized concentrations during resuspension (January 2012) 
were lower than the normal period with minimal resuspension (January 2011). However, 
when individual stations were compared, some stations (2 and 3) showed a greater 
temporal changes as compared to other stations (4 and 5) (Figure 37 right panel). Based 
on SPM concentrations (Figure 34), the intensity of sediment resuspension was higher at 
stations 2 and 3 compared to stations 4 and 5.  The average of total dissolved shale-
normalized REE patterns of January 2011 and 2012 showed a HREE enriched pattern 
(Figure 37) with a positive La, and a negative Ce anomaly (Appendix C).    
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Figure 37. Comparison of REE fractionation (in total dissolved pool) between January 
2011 and January 2012. The graph on the left shows difference in average REE 
fractionation while the graph on right compare individual stations along the salinity 
gradient.  
 
Enrichment of HREE can be numerically expressed as the ratio of shale 
normalized Yb and La. The (Yb/La)n ratio in January, 2011, showed value of 1.14 at the 
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mouth of the Jourdan River (Station 11) whereas at the mouth of the bay (Station 5) the  
(Yb/La)n value is 4.47, with an average value of 2.42 ± 0.98 in SLB (Appendix C). 
Similarly, HREE enrichment was 1.45 at Station 11 and 4.02 at Station 5 during January 
2012, with an average value of 2.65 ± 0.98. Beside their spatial variations, some stations 
(e.g., Station 2) which were impacted more by sediment resuspension (based on SPM 
values) showed greater fractionations than others (e.g., Station 4) between January 2011 
and 2012. HREE enrichment was 2.44 at Station 2 in January 2011 whereas it was 3.14 at 
the same station in January 2012. In contrast, the HREE enrichment value at Station 4 
was 3.93 in January 2011 and 3.99 in January 2012.  HREE enrichment is common in 
estuaries due to the preferential removal of LREE from solution as compared to HREE 
(Goldstein and Jacobson, 1988; Elderfield, 1990; Hoyle et al., 1984; Sholkovitz and 
Elderfield, 1988).  
  A strong negative Ce anomaly in the shale-normalized REE pattern is also a 
common feature for oxic oceanic waters (Nozaki and Alibo, 2003) and alkaline rivers 
(Shiller, 2010). But some estuaries start to develop a negative Ce anomaly in their waters, 
such as the Amazon River estuary (Sholkovitz and Szymczak, 2000) or the Chao Phraya 
River estuary in Thailand (Nozaki et al., 2000). St. Louis Bay surface waters showed 
significant negative Ce anomalies (0.48-0.81) during January 2011 (Figure 38) and the 
Ce anomaly showed spatial variation e.g., 0.75 at Station 11 and 0.48 at Station 5. The Ce 
anomaly during January 2012 decreased (more negative) along the salinity gradient and 
in this case Ce anomalies were much deeper (more negative) compared to January 2011 
(Appendix C). For example, Station 11 had a Ce anomaly of 0.56 and Station 5 had a Ce 
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anomaly 0.35. This is a strong evidence of adsorptive removal of dissolved REE during 
sediment resuspension. 
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Figure 38. Ce anomaly in total dissolved pool of January 2011 and January 2012. 
 
  A small positive La anomaly in the shale-normalized REE pattern is evolved in 
seawater only (Byrne and Kim, 1990; de Baar, 1991), but Kulaksiz and Bau, (2011) 
reported a small natural La anomaly (< 1.5) in an organic rich river water in Germany. In 
SLB, samples from both January 2011 and January 2012 showed a small positive La 
anomaly (1.04-1.63) (Appendix C).  
REE fractionation between truly dissolved and colloidal pool (January 2012) 
 Strong removal of total dissolved REEs (0.45 µm filter passing) at low salinities 
(> 5 ppt) has been observed in several estuaries (Sholkovitz, 1993; Elderfield et al., 
1990). Salt-induced coagulation of colloidal REEs and adsorption to particle surfaces are 
common mechanisms for removal of dissolved REEs in estuaries (Goldstein and 
Jacobson, 1988; Hoyle et al., 1984; Sholkovitz, 1995).  Estuarine waters are expected to 
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show a truly dissolved pool with LREE depletion and HREE enrichment due to 
preferential adsorption of LREEs to particle surfaces compared to HREEs. Laboratory 
experiments (Koeppenkastrop and De Carlo, 1992) have demonstrated preferential 
adsorption of LREEs on amorphous ferric hydroxide. The colloidal pool should, 
therefore, show LREE enrichment. HREE depletion in the colloidal pool can be 
explained by the fact that HREEs strongly bind with organic and inorganic ligands (e.g., 
carbonate) (Sholkovitz and Elderfield, 1988) and, thus, are more likely to be found in the 
truly dissolved phase. On the other hand, LREE, which are particle reactive, can be 
adsorbed to colloidal size particles and should show enrichment in the colloidal REE 
pool. 
 Samples from the sediment resuspension event in January 2012 showed 
significant differences in REE fractionation between truly dissolved and colloidal phase 
(Figure 39). The truly dissolved pool showed a REE pattern with very large HREE 
enrichment. HREE enrichment values, i.e, (Yb/La)n, ranged from 4.2 at Stn. 11 to 12.7 at 
Stn. 5. Interestingly, the colloidal pool also showed HREE enrichment; however, it was 
not as high as in the truly dissolved pool (Appendix C). Figure 36 (right panel) shows 
increase of colloidal HREE (e.g., Lu) along salinity gradient (contrast to LREE) during 
sediment resuspension in January 2012. These evidences indicate that during sediment 
resuspension there was addition of colloidal HREE or the source of colloids was already 
HREE-enriched. While we cannot definitely explain the colloidal HREE-enrichment in 
SLB, some mechanisms can be postulated. Extensive release of HREE-enriched 
dissolved REEs from benthic sediment has been found in shallower parts of estuaries like 
the Amazon and Fly in mid- to high (7-33 ppt) salinity (Sholkovitz and Szymczak, 2000). 
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Solubilization of weakly bound REEs from particle surfaces or sediment was proposed as 
the mechanism for the REE release (Sholkovitz and Szymczak, 2000). Thus, it is likely 
that a shallow estuary like SLB with silty-clay sediment (in most of the bay, see Chapter 
I) could have had a similar (as seen in Amazon and Fly estuary) large benthic flux of 
dissolved REEs during sediment resuspension in January 2012 (average salinity 19 ppt). 
As HREE enrichment was observed also in the colloidal pool of REE during the 
resuspension event (see similar observation in October TS), it indicates that the benthic 
flux was one of the sources for this HREE enrichment in the colloidal pool. This finding 
is also in accord with the findings of Haley and Klinkhammer (2003) who showed 
significant oceanic benthic flux of HREEs to the overlying water column. Erosion of the 
surface sediment layer and addition of REE enriched (LREE > MREE > HREE) pore 
water (Sholkovitz and Elderfield, 1988; Sholkovitz et al., 1992; Sholkovitz and 
Szymczak, 2000) could be another possible source of colloidal REE during resuspension 
event in January 2012. However, preferential adsorptive removal of LREEs might have 
dominated over the addition of LREE enriched pore waters during sediment 
resuspension.  
 Adsorptive removal of dissolved REEs is evident from a deeper (more negative) 
Ce anomaly during sediment resuspension. High SPM concentrations and correlation 
with Fe and Mn also support adsorptive removal of REEs from solution during 
resuspension events. LREEs preferentially adsorb to particle surfaces and, thus, LREE 
depletion was evident in shale-normalized REE patterns. As the majority of the dissolved 
REE pool was colloidal (84 % for La and 76% for Ce), large fractionations of La and Ce 
were observed in the colloidal pool compared to the truly dissolved pool (Figure 39 and 
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Appendix C). For examples (Figure 39, right panel), La and Ce anomalies (Station 2) in 
colloidal pool were 1.45 and 0.38 respectively whereas these two were 1.04 and 0.59 in 
truly dissolved pool.  
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Figure 39. Comparison of REE fractionation between truly dissolved and colloidal pool 
of January 2012 (average on the left panel and individual stations on the right panel). 
 
October 2012 TS 
 REE concentrations in truly dissolved and colloidal phase. The TS samples were 
taken from a transect from Stn. 1 to Stn. 5. SPM concentrations were much higher during 
sediment resuspension on October 1 compared to the normal period with minimal 
resuspension on October 2 (Figure 34, Appendix E). REE concentrations (both colloidal 
and truly dissolved) showed large spatial variation (Figure 40 and Figure 41) along this 
transect. For example, at Station 3, colloidal La was 705 pM on the morning of October 
1, 828 pM that afternoon, and 1319 pM the next morning. Likewise, at Station 2 colloidal 
La was 390 pM on the morning of October 1, 709 pM that afternoon, and 1121 pM the 
next morning (Figure 40). Truly dissolved REEs also showed large spatial variations and 
showed the highest concentrations at Station 3 which is located close to the Jourdan River 
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mouth. In spite of their large spatial variations, the REE concentrations (both truly 
dissolved and colloidal) were much lower (Figure 40 and Figure 41) on October 1 when 
there was sediment resuspension (see SPM concentrations, Figure 34, Appendix E) 
compared to the next morning where SPM was much lower (Figure 34, Appendix E). It is 
important to mention here that there was a change in river discharge during the TS 
sampling. River discharge was 182 m3/s on October 1 and 106 m3/s on October 2. Any 
significant impact of river discharge on REE concentrations over the TS can be ruled out 
by looking at the Cs (Figure 6) or total dissolved V (Figure 29) distribution during the 
TS. Both Cs and V had identical concentrations on the afternoon of October 1 and the 
morning of October 2. Both of these elements showed significant concentrations 
difference only in the morning of October 1 when wind speed exceeded critical wind 
speed of 4 m/s. Here, REE concentrations and patterns during the TS at Station 2 can be 
discussed to investigate the effect of sediment resuspension on REE concentrations and 
fractionations as at this station a significant impact of sediment resuspension was 
observed. As the intensity of sediment resuspension was much less during the October TS 
than during the January 2012 resuspension event (see SPM concentrations, Figure 34, 
Appendix E), it was not expected that REE distribution would show as dramatic a change 
in shale-normalized patterns as was observed in January 2012. 
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Figure 40. Distribution of colloidal REE (a. La and b. Lu) during resuspension events 
(October 1) as compared to the normal period with minimal resuspension (October 2) in 
October 2012. 
 
 Colloidal REE concentrations were mentioned above and were low during 
sediment resuspension on October 1 morning and increased gradually to a period with 
minimal resuspension (October 2 morning). Similar as colloidal REE, truly dissolved also 
followed the same trend i.e. low concentration during sediment resuspension and 
increased in the next day. Similar as resuspension event in January 2012, the lower 
concentrations during sediment resuspension might have been caused by adsorptive 
removal of dissolved REE.  
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Figure 41. Distribution of truly dissolved REE (a. La and b. Lu) during resuspension 
events (October 1) compared to normal period with minimal resuspension (October 2) in 
October 2012. 
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REE fractionation in truly dissolved and colloidal pool over the TS (Station 2) 
 As was observed during the resuspension event of January 2012, a different extent 
of REE fractionation was observed between the truly dissolved and colloidal pools in the 
October 2012 resuspension event (Figure 42 and 44). HREE enrichment was observed in 
the colloidal pool during January 2012 due to high SPM concentrations and adsorptive 
removal onto particles as is evident from their distributions and Ce anomalies. During the 
resuspension event on October 1, 2012, HREE enrichment [(Yb/La)n = 1.05] (at Station 
2) was much closer to 1 while a slight HREE depletion [(Yb/La)n =0.92] was observed 
during the non-resuspension period. The other stations showed a similar pattern (Figure 
43 a) i.e. slight HREE depletion during the normal period and recovery from HREE 
depletion during resuspension event. The gradual recovery from HREE depletion during 
the resuspension event again (similar as January 2012 resuspension) indicates an extra 
source of colloidal HREE during resuspension and might have similar mechanisms for 
HREE addition as mentioned for January 2012. 
 Enrichment of MREEs in the total dissolved REE pool (i.e., <0.45 µm or <0.22 
µm filter passing) has been reported several times in river/estuarine waters (Elderfield et 
al., 1990; Hannigan and Sholkovitz, 2001; Goldstein and Jacobsen, 1988; Johannesson et 
al., 2004; Shiller, 2010; Sholkovitz, 1993; Sholkovitz, 1995). Evolution of MREE 
enrichment in the REE dissolved pool can be caused by different processes such as 
weathering of phosphate rock and preferential leaching of MREE (Hannigan and 
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Figure 42.  REE fractionation in colloidal pool during October TS (Station 2) 
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Figure 43. HREE enrichment (Yb/La)n in (a) colloidal (b) truly dissolved REE pool 
during October TS. 
 
Sholkovitz, 2001), or preferential MREE complexation (due to their intrinsic binding 
constant) with organic ligands in waters with low pH and high DOC (Johannesson et al., 
2004) or addition of MREE enriched colloids (Ingri et al., 2000; Sholkovitz et al., 1990). 
Measurements of all sources of REE to the bay were not undertaken and thus the origin 
of MREE enrichment in the dissolved REEs during October can’t be resolved. However, 
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it should be mentioned here that phosphate concentrations (0.03-1.41 µM; Lin et al., 
2012) found in SLB do not indicate a phosphate rich source rock. On the other hand, the 
pH (5.18-5.34) in river water was acidic enough to leach out MREEs from enriched Fe-
Mn oxyhydroxides (Johannesson et al., 2004). Another possible process which can 
explain MREE enrichment in SLB is as follows: the river discharge during the October 
sampling was much higher than in January (when there was no MREE enrichment), and 
the river may have brought in a large amount of natural organic matters which can 
preferentially bind with MREE and hence can cause MREE enrichment (Johannesson et 
al., 2004).  
 Here, the MREE-enrichment factor (EF) is expressed as the ratio of NASC-
normalized Sm to the geometric mean of NASC-normalized La and Yb (Shiller, 2010). 
MREE enrichment was observed in both the colloidal and truly dissolved pools during 
the October TS. However, MREE EF values in both colloidal and truly dissolved pools 
were slightly lower during resuspension (October 1) compared to the normal period with 
minimal resuspension on October 2 (Appendix C and D). Adsorptive removal of REE 
was also observed during the October TS. This might have caused removal of MREEs 
and a slightly lower MREE enrichment during resuspension event. 
 Cerium didn’t show strong fractionation (as seen in January 2012) during the 
October 2012 TS (Figure 45a). Only during sediment resuspension, cerium did show a 
slight negative (0.77 at Station 2) anomaly in the colloidal pool and the Ce anomaly 
values for all stations was close to 1 during the normal period (October 2).  Slight 
negative Ce anomaly during resuspension on October 1 again indicates adsorptive 
removal of REEs and the slight negative value is also consistent with the fact that 
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intensity of resuspension was much less during the October TS as compared to January 
2012 (when Ce anomalies were more negative during resuspension). Colloidal REE 
concentrations during the October TS correlate well (r2 = 0.95 for La and 0.8 for Lu) with 
colloidal Fe and thus Fe-oxyhydroxides might have played a role in adsorptive removal 
of REEs during resuspension. 
 The truly dissolved REE pool also showed strong HREE enrichment (Figure 43b) 
(not as strong as in January 2012) (see Appendix D) throughout the TS. However, HREE 
EF values were lower during the normal period as compared to the resuspension event on 
October 1 (Figure 43b) and can be explained similarly as for January 2012. 
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Figure 44.  REE fractionation in the truly dissolved pool during the October TS (Station 
2). 
 
 The Ce anomaly (Figure 45b) in truly dissolved pool during October TS showed 
lower values (more negative) during resuspension on October 1 compared to the normal 
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period (October 2).  More negative Ce anomalies during the resuspension event once 
again indicate adsorptive removal of dissolved REEs. Truly dissolved REE 
concentrations also correlated strongly (r2 = 0.95 for La and 0.91 for Lu) with truly 
dissolved Fe and suggest similar removal mechanisms for these elements. 
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Figure 45. Ce anomaly values during October TS in a) Colloidal b) truly dissolved pool. 
Conclusions 
Large seasonal (January and October) variations in dissolved REE concentrations 
and in their shale-normalized fractionations were observed in a small, shallow estuary 
(SLB) where pH ranges from circumneutral to slightly alkaline. During January (low 
river discharge and higher salinity), REE patterns in the total dissolved pool showed 
HREE enrichment, a small positive La anomaly and a negative Ce anomaly. On the other 
hand, during October (high river discharge and lower salinity), REE patterns in the total 
dissolved pool showed MREE enrichment with no prominent La or Ce anomaly. More 
so, large differences in REE concentrations and in their fractionations were prominent 
between resuspension event and period with minimal resuspension in all sampling 
periods. 
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 When data from January 2012 (resuspension event) were compared with January 
2011 (non-resuspension event), much lower concentrations of dissolved REE was 
observed during the resuspension event (January 2012) compared to the normal period 
(January 2011). Adsorptive removal of dissolved REE during the resuspension event 
might have been caused by enhanced concentrations of SPM (including Fe-
oxyhydroxides). This idea is supported by Ce anomaly data, which shows much lower 
(more negative) values during resuspension as compared to the normal period. Poor 
correlation between colloidal REE and colloidal Fe in January 2012 was observed and 
indicates that during this high salinity sampling period (average 19 ppt) salt-induced 
coagulation might be another process for colloidal REE removal. However, strong 
correlation between truly dissolved REEs and Fe suggests similar processes controlled 
their distributions in SLB.  
REE fractionations in the truly dissolved and colloidal pools during January 2012 
(resuspension event) also showed significant differences in La and Ce anomalies as well 
as in HREE enrichment. HREE enrichment in the colloidal REE pool suggests the 
presence of an additional source of colloidal HREEs during sediment resuspension in 
SLB. Like other shallow estuaries (e.g., the Amazon and Fly), preferential release of 
HREE from sediment and addition of pore water may supply additional HREE during 
resuspension event. A deep negative Ce anomaly in the colloidal pool (compared to the 
truly dissolved pool) can be explained by a combination of facts including higher 
colloidal than dissolved REE percentage and preferential adsorptive removal of Ce 
compared to its neighbor. 
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Dissolved REE concentrations during the October TS (high river discharge and 
low salinity) were significantly higher than during January.  The unique feature in REE 
patterns during the October TS was MREE enrichment. The origin of MREE enrichment 
in the REE patterns couldn’t be discerned due to lack of data. However, due to the acidic 
nature of the river water (during October), preferential leaching of MREE from Fe-Mn 
oxyhydroxides could be a possible source. High river discharge and dominant presence of 
terrestrial organic matter in SLB river waters could cause MREE enrichment during 
October TS. 
Unlike the resuspension event of January 2012, samples during the resuspension 
event in October 2012 didn’t show large fractionation of Ce and La. This coincides with 
the fact that intensity of sediment resuspension (i.e., SPM concentration) was lower 
during the October TS as compared to January, 2012. A large HREE EF in the truly 
dissolved pool and a slight Ce anomaly during the October TS can be explained similarly 
as for January 2012. Strong correlations between both colloidal and truly dissolved REE 
concentrations with Fe suggest the influence of Fe-oxyhydroxides for adsorptive removal 
of dissolved REE during the October TS. 
Due to sediment resuspension events (during high salinity) in SLB, REE patterns 
evolved towards patterns which more resembled oceanic REE patterns. 
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APPENDIX A 
TOTAL DISSOLVED REE CONCENTRATIONS (pM) DURING JANUARY 2011 
AND TOTAL DISSOLVED, TRULY DISSOLVED AND COLLOIDAL REE 
COMCENTRATIONS (pM) DURING JANUARY 2012 
 
January 2011 
Total dissolved La Ce Pr Nd Sm Eu Gd 
1S 159 233 35 148 30 7.2 36 
2S 152 182 30 125 26 6.5 37 
3S 131 177 28 118 25 6.0 31 
4S 67 63 15 66 15 4.0 22 
5S 62 53 13 62 14 3.8 21 
6S 567 969 136 539 108 24.3 110 
7S 343 525 78 314 63 14.9 69 
8S 158 189 31 131 27 6.8 40 
9S 141 198 31 129 27 6.7 34 
10S 136 161 27 116 24 6.0 32 
11S 595 1036 144 573 115 25.4 114 
12S 350 674 89 365 72 16.1 70 
Average 238 372 55 224 45 10.6 51 
Tb Dy Ho Er Tm Yb Lu 
1S 5.9 37 10.0 30 4.5 30 4.8 
2S 5.6 36 9.8 30 4.4 29 4.7 
3S 5.3 33 9.5 28 4.1 28 4.4 
4S 3.8 24 6.9 21 3.1 20 3.4 
5S 3.8 25 7.2 21 3.3 22 3.6 
6S 16.3 89 20.5 57 8.0 52 7.9 
7S 10.7 62 15.7 43 6.2 40 6.2 
8S 5.8 37 10.4 30 4.4 30 4.8 
9S 5.5 35 9.7 29 4.3 28 4.5 
10S 5.3 33 9.5 29 4.2 29 4.6 
11S 16.6 92 20.8 59 8.2 53 8.0 
12S 10.5 61 14.7 42 6.1 42 6.5 
Average 7.9 47 12.0 35 5.1 34 5.3 
January 2012 
Total dissolved La Ce Pr Nd Sm Eu Gd 
2S 93 62 19 81 18 4.6 28 
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3S 91 66 19 84 19 4.8 28 
4S 74 40 15 66 15 3.9 24 
5S 72 39 14 66 15 3.8 24 
6S 153 118 28 115 26 6.3 37 
7S 125 81 23 97 22 5.6 32 
9S 106 63 20 84 20 5.0 29 
10S 90 46 17 72 17 4.3 26 
11S 189 162 35 142 30 7.1 40 
14S 296 289 54 214 43 9.8 51 
Average 129 97 24 102 23 5.5 32 
Tb Dy Ho Er Tm Yb Lu 
2S 4.4 28 7.5 23 3.4 23 3.6 
3S 4.4 29 7.5 23 3.3 23 3.6 
4S 3.9 26 7.1 22 3.3 23 3.7 
5S 3.9 26 7.2 22 3.4 23 3.7 
6S 5.4 31 8.3 23 3.3 21 3.5 
7S 5.0 30 7.9 23 3.3 21 3.4 
9S 4.9 30 7.9 23 3.5 22 3.6 
10S 4.4 26 7.4 22 3.3 21 3.5 
11S 5.8 33 8.2 23 3.3 21 3.4 
14S 7.0 39 9.1 25 3.6 23 3.6 
Average 4.9 30 7.8 23 3.4 22 3.6 
Truly dissolved La Ce Pr Nd Sm Eu Gd 
2S 10.0 14.6 3.2 15.3 4.8 1.1 7.8 
3S 11.1 15.2 3.3 16.3 5.4 1.0 9.4 
4S 7.6 12.6 2.5 12.3 3.8 0.8 7.1 
5S 6.4 10.6 2.3 10.3 3.8 0.6 6.0 
6S 20.9 31.2 7.0 32.2 9.2 2.1 17.8 
7S 18.8 23.5 5.5 26.7 7.8 1.8 14.0 
9S 5.9 6.0 2.7 14.6 5.1 1.1 10.2 
10S 4.1 1.8 1.6 9.3 3.3 0.7 9.5 
11S 30.8 36.6 8.4 41.1 11.2 2.5 18.4 
14S 84.5 84.1 17.7 81.0 18.5 4.2 27.5 
Average 20.0 23.6 5.4 25.9 7.3 1.6 12.8 
Tb Dy Ho Er Tm Yb Lu 
2S 1.4 7.8 2.2 5.7 1.0 7.2 1.3 
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3S 1.4 7.8 2.2 5.6 1.0 7.0 1.3 
4S 1.2 5.8 1.9 4.3 0.9 6.0 1.2 
5S 1.1 5.8 1.8 4.8 0.9 6.3 1.2 
6S 2.1 11.6 3.1 8.3 1.4 9.5 1.7 
7S 1.9 9.9 2.8 7.0 1.3 8.5 1.6 
9S 1.4 7.9 2.2 5.1 1.0 7.6 1.3 
10S 1.1 5.8 1.9 4.9 0.9 6.3 1.2 
11S 2.4 13.1 3.4 8.9 1.5 10.2 1.8 
14S 3.4 19.1 4.5 12.3 2.0 13.9 2.3 
Average 1.7 9.5 2.6 6.7 1.2 8.3 1.5 
Colloidal La Ce Pr Nd Sm Eu Gd 
2S 83 47 15 66 14 3.5 20 
3S 80 51 15 68 13 3.8 19 
4S 67 28 12 54 11 3.0 16 
5S 66 29 12 55 11 3.2 18 
6S 132 86 21 83 17 4.2 19 
7S 106 57 18 70 14 3.9 18 
9S 100 57 17 70 15 4.0 19 
10S 85 44 15 63 14 3.6 16 
11S 158 125 26 101 19 4.6 22 
14S 211 205 36 133 25 5.5 24 
Average 109 73 19 76 15 3.9 19 
Tb Dy Ho Er Tm Yb Lu 
2S 3.0 21 5.3 18 2.3 15 2.3 
3S 3.0 21 5.4 17 2.3 16 2.3 
4S 2.7 20 5.3 18 2.4 17 2.5 
5S 2.8 21 5.4 17 2.5 16 2.5 
6S 3.2 19 5.1 15 1.9 12 1.8 
7S 3.2 20 5.2 16 2.0 13 1.9 
9S 3.5 22 5.7 18 2.4 15 2.2 
10S 3.2 20 5.5 17 2.4 15 2.3 
11S 3.4 20 4.8 14 1.8 11 1.6 
14S 3.6 20 4.6 12 1.5 9 1.3 
Average 3.2 20 5.2 16 2.2 14 2.1 
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REE CONCENTRATIONS (pM) IN TOTAL DISSOLVED, TRULY DISSOLVED 
AND COLLOIDAL FRACTION DURING OCTOBER 2012 TIME SERIES (TS) 
 
October 2012 TS 
Total dissolved  
1st October Morning La Ce Pr Nd Sm Eu Gd 
St 1 784 1568 243 959 207 47 207 
St 2 568 1021 178 713 159 38 174 
St 3 990 1964 313 1246 268 61 275 
St 4 525 944 165 664 148 35 162 
St 5 153 245 53 231 57 14 65 
1st October Afternoon 
St 1 738 1426 230 909 193 44 197 
St 2 920 1801 284 1151 250 58 258 
St 3 1098 2225 346 1376 293 66 299 
St 4 534 1001 171 687 153 35 161 
St 5 465 868 145 554 123 29 131 
Average (1st October) 678 1306 213 849 185 43 193 
1st October Morning Tb Dy Ho Er Tm Yb Lu 
St 1 32 176 37 101 13.8 86 12.4 
St 2 27 158 33 95 13.3 84 12.3 
St 3 43 242 49 138 19.1 118 17.0 
St 4 25 151 32 92 12.7 81 11.9 
St 5 11 66 15 44 6.6 42 6.7 
1st October Afternoon 
St 1 30 172 35 99 13.6 85 12.3 
St 2 40 226 46 130 17.9 112 16.1 
St 3 46 259 53 148 20.3 128 18.2 
St 4 25 149 31 87 12.2 77 11.6 
St 5 20 114 23 65 8.8 52 7.5 
Average (1st October) 30 171 35 100 13.8 87 12.6 
2nd October Morning La Ce Pr Nd Sm Eu Gd 
St 1 1113 2232 352 1400 301 68 303 
St 2 1628 3438 520 2032 429 97 426 
St 3 3353 8128 1095 4207 853 185 765 
St 4 2474 5795 803 3133 646 139 587 
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St 5 1652 3848 536 2055 430 96 410 
Average (2nd October) 2044 4688 661 2565 532 117 498 
2nd October Morning Tb Dy Ho Er Tm Yb Lu 
St 1 47 263 53 149 20 130 18 
St 2 65 364 72 199 27 170 24 
St 3 114 612 122 335 45 288 41 
St 4 89 482 96 265 37 228 33 
St 5 61 335 67 187 26 162 23 
Average (2nd October) 75 411 82 227 31 196 28 
Truly dissolved 
1st October Morning La Ce Pr Nd Sm Eu Gd 
St 1 214 414 76 331 79 19 84 
St 2 178 313 64 282 72 18 81 
St 3 286 545 97 420 99 24 109 
St 4 192 328 67 293 72 17 82 
St 5 153 245 53 231 57 14 65 
1st October Afternoon 
St 1 187 330 66 289 70 17 77 
St 2 211 417 76 337 84 20 94 
St 3 270 552 98 422 101 24 111 
St 4 198 370 71 304 73 17 81 
St 5 ND ND ND ND ND ND ND 
Average (1st October) 209.9 390.5 74.19 323.3 78.51 18.79 87.22 
1st October Morning Tb Dy Ho Er Tm Yb Lu 
St 1 14 81 18 53 7.8 50 7.7 
St 2 14 82 18 55 8.1 52 8.0 
St 3 18 106 23 68 9.9 64 9.6 
St 4 14 83 19 56 8.3 54 8.2 
St 5 11 66 15 44 6.6 42 6.7 
1st October Afternoon 
St 1 13 76 17 51 7.4 48 7.3 
St 2 16 93 20 60 8.8 57 8.7 
St 3 18 105 23 67 9.8 64 9.7 
St 4 13 79 17 51 7.5 49 7.5 
St 5 ND ND ND ND ND ND ND 
Average (1st October) 14 86 19 56 8.2 53 8.2 
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2nd October Morning La Ce Pr Nd Sm Eu Gd 
St 1 342 703 123 524 122 29 132 
St 2 507 1038 171 709 164 38 173 
St 3 2035 4910 686 2680 554 123 506 
St 4 993 2283 335 1376 294 66 283 
St 5 736 1701 252 1033 220 49 212 
Average (2nd October) 923 2127 313 1264 271 61 261 
2nd October Morning Tb Dy Ho Er Tm Yb Lu 
St 1 21 125 27 78 11 73 11 
St 2 28 161 34 98 14 90 13 
St 3 76 411 83 233 33 211 31 
St 4 43 239 50 143 20 132 20 
St 5 32 183 38 109 16 100 15 
Average (2nd October) 40 224 46 132 19 121 18 
Colloidal  
1st October Morning La Ce Pr Nd Sm Eu Gd 
St 1 570 1154 167 628 127 28 123 
St 2 390 708 114 431 88 20 93 
St 3 705 1419 217 826 169 38 166 
St 4 332 616 98 371 76 18 80 
St 5 ND ND ND ND ND ND ND 
1st October Afternoon 
St 1 551 1096 164 620 123 27 121 
St 2 709 1384 208 814 166 37 164 
St 3 828 1673 249 953 192 42 188 
St 4 336 631 100 382 79 18 80 
St 5 ND ND ND ND ND ND ND 
Average (1st October) 553 1085 164 628 128 28 127 
1st October Morning Tb Dy Ho Er Tm Yb Lu 
St 1 18 95 18 48 6.1 36 4.7 
St 2 13 76 15 40 5.2 32 4.3 
St 3 25 136 26 70 9.2 54 7.4 
St 4 11 69 13 36 4.5 27 3.7 
St 5 ND ND ND ND ND ND ND 
1st October Afternoon 
St 1 17 96 18 48 6.2 37 5.0 
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St 2 24 133 26 69 9.1 55 7.3 
St 3 28 155 30 81 10.5 64 8.5 
St 4 12 70 13 35 4.6 28 4.0 
St 5 ND ND ND ND ND ND ND 
Average (1st October) 19 104 20 54 6.9 42 5.6 
2nd October Morning Tb Dy Ho Er Tm Yb Lu 
St 1 771 1529 229 875 179 39 171 
St 2 1121 2400 349 1323 265 58 253 
St 3 1319 3219 409 1527 299 62 260 
St 4 1481 3513 469 1757 352 73 304 
St 5 916 2148 284 1022 211 47 198 
Average (2nd October) 1121 2562 348 1301 261 56 237 
2nd October Morning 
St 1 26 138 26 70 9.1 56 7.3 
St 2 37 204 38 101 13.3 80 10.7 
St 3 38 201 38 102 11.6 77 10.2 
St 4 46 242 46 122 16.2 97 12.9 
St 5 29 153 29 78 10.0 62 8.1 
Average (2nd October) 35 188 36 95 12.1 74 9.8 
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La ANOMALY (Lan/Lan*), Ce ANOMALY (Cen/Cen*), HREE-ENRICHMENT 
(Ybn/Lan) AND MREE-EF TOTAL DISSOLVED, TRULY DISSOLVED AND 
COLLOIDAL FRACTION DURING JANUARY 2011 AND JANUARY 2012 
 
January 2011 
Total dissolved (Lan/Lan*) (Cen/Cen*) (Ybn/Lan) MREE-EF 
1S 1.18 0.74 2.44 0.73 
2S 1.31 0.67 2.44 0.66 
3S 1.27 0.72 2.70 0.70 
4S 1.37 0.51 3.93 0.69 
5S 1.42 0.48 4.47 0.66 
6S 0.95 0.74 1.19 1.06 
7S 1.04 0.71 1.51 0.91 
8S 1.32 0.68 2.43 0.67 
9S 1.20 0.72 2.58 0.71 
10S 1.32 0.66 2.70 0.64 
11S 0.95 0.75 1.14 1.10 
12S 0.96 0.81 1.54 1.01 
Average 1.19 0.68 2.42 0.80 
Std. Deviation 0.17 0.09 0.98 0.17 
January 2012 
Total dissolved (Lan/Lan*) (Cen/Cen*) (Ybn/Lan) MREE-EF 
2S 1.40 0.38 3.14 0.68 
3S 1.42 0.41 3.22 0.69 
4S 1.53 0.33 3.99 0.62 
5S 1.63 0.34 4.02 0.61 
6S 1.35 0.46 1.78 0.78 
7S 1.37 0.38 2.19 0.73 
9S 1.40 0.35 2.70 0.70 
10S 1.40 0.31 3.07 0.67 
11S 1.36 0.51 1.45 0.81 
14S 1.27 0.56 0.98 0.90 
Average 1.41 0.40 2.65 0.72 
Std. deviation 0.10 0.08 0.98 0.08 
Truly dissolved (Lan/Lan*) (Cen/Cen*) (Ybn/Lan) MREE-EF 
2S 1.08 0.59 9.27 0.96 
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3S 1.17 0.59 8.17 1.03 
4S 1.09 0.66 10.25 0.94 
5S 0.84 0.56 12.69 1.02 
6S 0.91 0.53 5.84 1.11 
7S 1.19 0.55 5.80 1.04 
9S 0.97 0.33 16.53 1.28 
10S 1.25 0.17 19.54 1.09 
11S 1.27 0.56 4.25 1.07 
14S 1.46 0.57 2.11 0.91 
Average 1.12 0.51 9.45 1.05 
Std. deviation 0.18 0.14 5.22 0.10 
Colloidal (Lan/Lan*) (Cen/Cen*) (Ybn/Lan) MREE-EF 
2S 1.44 0.35 2.40 0.65 
3S 1.45 0.38 2.54 0.63 
4S 1.60 0.27 3.27 0.57 
5S 1.79 0.30 3.18 0.56 
6S 1.45 0.43 1.13 0.73 
7S 1.37 0.34 1.55 0.67 
9S 1.39 0.35 1.89 0.66 
10S 1.37 0.31 2.28 0.66 
11S 1.33 0.49 0.90 0.78 
14S 1.15 0.55 0.53 0.98 
Average 1.43 0.38 1.97 0.69 
Std. deviation 0.16 0.09 0.89 0.12 
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La ANOMALY (Lan/Lan*), Ce ANOMALY (Cen/Cen*), HREE-ENRICHMENT 
(Ybn/Lan) AND MREE-EF TOTAL DISSOLVED, TRULY DISSOLVED AND 
COLLOIDAL FRACTION DURING JANUARY 2011 AND JANUARY 2012 
 
October 2012 
Truly dissolved 
1st October Morning (Lan/Lan*) (Cen/Cen*) (Ybn/Lan) MREE-EF 
St 1 0.78 0.72 3.01 1.30 
St 2 0.77 0.65 3.76 1.26 
St 3 0.82 0.73 2.86 1.25 
St 4 0.79 0.64 3.58 1.19 
St 5 0.83 0.60 3.55 1.21 
1st October Afternoon 
St 1 0.79 0.66 3.31 1.25 
St 2 0.79 0.73 3.48 1.30 
St 3 0.76 0.76 3.04 1.30 
St 4 0.76 0.70 3.22 1.25 
St 5 ND ND ND ND 
Average (1st October) 0.79 0.69 3.31 1.26 
Std. deviation 0.02 0.05 0.30 0.04 
2nd October Morning (Lan/Lan*) (Cen/Cen*) (Ybn/Lan) MREE-EF 
St 1 0.73 0.77 2.76 1.31 
St 2 0.74 0.80 2.27 1.30 
St 3 0.66 0.96 1.34 1.43 
St 4 0.73 0.90 1.70 1.38 
St 5 0.72 0.90 1.75 1.37 
Average (2nd October) 0.72 0.86 1.96 1.36 
Std. deviation 0.03 0.08 0.56 0.05 
Colloidal  
1st October Morning (Lan/Lan*) (Cen/Cen*) (Ybn/Lan) MREE-EF 
St 1 0.71 0.86 0.81 1.51 
St 2 0.72 0.77 1.05 1.33 
St 3 0.69 0.84 0.99 1.47 
St 4 0.72 0.79 1.04 1.37 
St 5 ND ND ND ND 
1st October Afternoon 
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St 1 0.70 0.84 0.87 1.45 
St 2 0.77 0.82 0.99 1.43 
St 3 0.72 0.85 1.00 1.41 
St 4 0.71 0.79 1.07 1.39 
St 5 
Average (1st October) 0.72 0.82 0.98 1.42 
Std. deviation 0.02 0.03 0.09 0.06 
2nd October Morning (Lan/Lan*) (Cen/Cen*) (Ybn/Lan) MREE-EF 
St 1 0.72 0.84 0.94 1.45 
St 2 0.68 0.89 0.92 1.50 
St 3 0.66 1.02 0.75 1.59 
St 4 0.65 0.98 0.84 1.58 
St 5 0.61 1.00 0.87 1.50 
Average (2nd October) 0.66 0.95 0.86 1.52 
Std. deviation 0.04 0.08 0.07 0.06 
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APPENDIX E 
SPM CONCENTRATIONS IN SLB STATIONS DURING SAMPLING PERIODS 
Sep, 2010 Jan, 2011 June, 2011 Sep, 2011 Jan, 2012 
Station SPM (mg/L) SPM (mg/L) SPM (mg/L) SPM  (mg/L) SPM  (mg/L)
1 13 7 14 11 99 
2 14 10 22 9 133 
3 13 9 25 14 101 
4 12 9 ND 22 25 
5 23 8 39 17 22 
6 35 2 27 19 30 
7 25 8 22 20 36 
8 11 7 26 10 124 
9 23 8 10 9 95 
10 17 9 26 9 69 
11 25 8 40 16 14 
12 9 32 17 ND 
13 10 34 24 ND 
14 17 8 
 
Station SPM (mg/L) 
October 1 Morning 1 65 
2 57 
3 36 
4 26 
5 60 
October 1 Afternoon 1 48 
2 23 
3 21 
4 21 
5 53 
October 2 Morning 1 15 
2 22 
3 19 
4 16 
5 14 
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APPENDIX F 
pH MEASUREMENTS AT SLB STATIONS DURING JANUARY 2011 AND 
JANUARY 2012 AND DURING OCTOBER TS  
 
pH 
Station January 2011 January 2012 October 2012 
1 8.1 7.5 7.2 
2 8.1 7.4 7.1 
3 8.0 7.4 6.9 
4 8.1 7.8 7.5 
5 8.2 7.2 7.5 
6 8.0 6.5 
7 8.1 7.9 
8 8.1 7.5 
9 8.1 7.4 
10 8.0 7.9 
11 8.0 7.3 
12 7.9 
13 8.2 
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